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Kinetics of the High Temperature Oxidation of Zirconium’ 


JACK BELLE AND M. W. MA.Luerr 


Baitelle Memorial Institute, Columbus, Ohio 


ABSTRACT 


The rate of oxidation of high purity zirconium was determined for the temperature 


--—- 


range of 575° to 950°C at 1 atm pressure. Data can be fitted to a cubic law and the rate 


constant in (ml/cem?*)*/sec has been 


calculated to be 


k = 3.9 K 10 


e 47,200/RT f 


where 47,200 + 1,000 cal/mole is the activation energy for the reaction. 


INTRODUCTION 


The early work on the oxidation of zirconium has 
Andrew (1) who 
studied the reaction. Cubicciotti (2) also investigated 
the oxidation of zirconium recently. Each study 
involved the use of thin zirconium foil, approximately 
0.005 in. thick, for specimens. Hafnium content of 
the zirconium was approximately 3% in both cases. 


heen reviewed by Gulbransen and 


Gulbransen and Andrew worked in the temperature 
range of 200°-425°C at an oxygen pressure of 7.6 cm, 
while Cubieciotti investigated the reaction at 600° 

920°C at pressures ranging from 0.1 mm to 20.2 em. 
Guibransen and Andrew stated that the oxidation 
reaction could not be fitted to any simple rate law 
over a wide temperature range, but assumed the 
reaction to follow the parabolic law with initial 
deviations. Cubicciotti that oxidation 
curves were parabolic at all temperatures except 
920°C, where a small deviation toward a linear rate 
was observed. Energies of activation found by these 


reported 


investigations were 18,000 cal/mole by Gulbransen 
and Andrew and 32,000 cal/mole by Cubicciotti. 

To supplement previous work done largely at 
lower temperatures and pressures, this study was 
made in the temperature range 575°-950°C at an 
oxygen pressure of 1 atm, using low-hafnium zir- 
conium (0.01 weight %). 


EXPERIMENTAL 

Method. —Rate of reaction between zirconium and 
oxygen was determined by measurement of the rate 
o consumption of the gas by the metal at high 
lemperature. The apparatus used was similar to that 
described in an earlier paper (3) with a few modifica- 
lions. A 4-kw tungsten-gap-type Lepel converter was 
used to heat the metal. The zirconium specimen was 
supported at the bottom by a Vycor stand in the 
tube, and a platinum-platinum + 10% 
thermocouple was welded to the top of the 


reaction 
rhodium 
“umple. The thermocouple was calibrated against an 

M 


unde} 


iscript received October 22, 1953. Work performed 
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optical pyrometer in the same manner as for some 
previous work reported from this laboratory (3). 

Zirconium specimens were machined cylinders of 
two sizes, about 4 em long by 0.7 em in diameter and 
about 5 cm long by 1.4 cm in diameter. Specimens 
were abraded with kerosene-soaked 240-, 400-, and 
600-grit silicon carbide papers and washed in succes- 
sive baths of naphtha, ether, and acetone. 

After placement in the reaction tube, a specimen 
was degassed by heating to 800°C or higher for 1 hr 
in a vacuum in order to remove hydrogen prior to 
the addition of oxygen. Oxygen was added to the 
reaction tube to atmospheric pressure in measured 
amounts from a 50-ml glass buret. Pressure measure- 
ments were made every 2 min at the start of each 
run and at longer time intervals as the reaction rate 
decreased. Oxygen, present in the apparatus as a 
gas phase, was determined from pressure measure- 
ments on a full-length open-end mercury manometer 
and the calibrated dead space of the system. After 
the reaction had been followed for the desired time, 
the system was evacuated and the specimen was 
cooled to room temperature in vacuum. 

The difference between the quantity of oxygen 
added and that remaining in the gas phase was the 
quantity reacted with the specimen. The original 
geometrical dimensions of the specimen were used 
to compute the quantity of gas reacted per unit 
surface area. 

Materials—The pure zirconium used in these 
experiments was de Boer-process iodide crystal bar 
which had been double are melted, forged to 1 
in at 1450°F, hot rolled at 1450°F, and cold rolled 
into 3g-in. and °g-in. diameter rods. Test specimens 
were machined from these rods. Impurities in the 
zirconium were determined 
chemical, vacuum-fusion 


by spectrographic, 
analyses. Weight 
percentages of the principal impurities detected 
silicon, 0.03; iron, 0.020; hafnium, 0.010; 
oxygen, 0.01; nitrogen, 0.001; and hydrogen, 0.003. 

Oxygen used in this study was prepared from 
degassed potassium permanganate by the method 


and 


were: 
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Fig. 1. Reaction of zirconium with oxygen (ml O., STP, 
consumed/cm? metal surface)* vs. time. 


described by Hoge (4). The gas was dried by passing 
through a dry ice-acetone cold trap. 
RESULTS 


Measurements of rates of consumption of oxygen 
by zirconium were made from 575°-950°C at 1 atm 
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Fic. 2. Log of oxygen consumed in ml/cm? vs. log of time 
in minutes for 600°, 700°, 800°, and 900°C. 
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TABLE I. Rate constants for the reaction 


a rCOni uy tempe! 
win OF 

orygen obtain 
Temp, °C + 5 at sae akg Slope i rate Ct! 

. a slopes 
575 2.1 x 10-8 9 At 
600 7.1 10-6 0.31 voled 
625 1.4 X 10° 0.39 at t 
650 1.8 xX 10-5 0.38 n 

Ca - . spec 

675 5.8 X 10-5 0). 29 y : 
700 1.0 x 10> 0.38 one 
725 1.9 X 10-* 0.38 Metal 

750 4.4 X 10-* 0.236 ide 
775 5.5 X 10-4 0.33 seen I 
800 1.6 x 1073 0.36 nattet 
825 7.9 X 10-4 0.33 a | 

850 1.6 X 10-8 0.34 the 2 

875 3.0 X 1073 (0.32 ment 
900 ie em 0.32 nouce 
920 7.6 X 107% 0.35 oatil 

950 2.1X lo? 0.32 ven 

eve 
reactl 
pressure. Data below 575°C could not be obtained esti 
with the apparatus because of the slowness of th runs | 
reaction. Above 950°C, the rapidity of the reactio result 
made it difficult to control and often resulted lorme 
cracking of the oxide film. Fig. 1 shows typica th 
results of measurements for two temperatures. It was mens 
found that the data could not be fitted to the para- evide 
bolic law, but, except for slight initial deviations inde 


could be represented by a cubic law, w* = kt, wher 
w = ml (STP) of oxygen consumed per unit surfac 
area. Thus, Fig. 1 is a plot of the cube of the quantity J ” 
of oxygen consumed per unit surface area agains! 
time, and it is seen that the data fall on straigh 
lines. Also, for a cubic oxidation, a graph of log w vs 
log ¢ should be a straight line with slope equal to 
0.33. Fig. 2 shows such plots for several othe 
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Fic. 3. Structure at surface of zirconium reacted wit! 
oxygen. (Note single surface-oxide layers. Needle-like 
clusions probably are hydride.) Left, zirconium react 
with oxygen at 575°C for 3 hr. Surface layer about ().0002: 
thick. Note absence of region of solid solution of oxygen 
zirconium. Polished with Linde ‘‘B’’ suspended in chrom 
acid, then chemically polished in acid solution (45H\0 
45H.0, and 10HF); right, zirconium reacted with oxyg' 
at 825°C for 3 hr. Surface oxide layer about 0.0015 
thick. Polished with Linde ‘“B’’ suspended in chromic “ 
and then etched (etchant: 49 lactic acid, 49 nitric acid, und , 
2HF). The narrow gray band is ZrO2, below it is solid soll dal 


tion of oxygen in zirconium. Both 500 x. 





temperatures, and it is seen that good agreement is 
vith the cubic-law expression. Values of the 
ant, k, caleulated from various plots and 


obtaine’ 
rate CO! 
Jopes of the log-log plots, are given in Table I. 

\t the end of a reaction run, the specimen was 
soled in vacuum and examined. In all cases through- 
yt the temperature range investigated, reacted 
secimens were covered with a shiny gray-black 
yating Which adhered very strongly to the metal. 
\letallographic examination showed that a single 
xide layer was present on the surface. This can be 
wen from the two photomicrographs in Fig. 3. X-ray 
patterns taken at room temperature indicated that 
‘he film was the monoclinic form of ZrO,. In agree- 
ment with the observation of Cubicciotti (2), it was 
noticed that white spots appeared on the black 
pating. The white spots, however, did not show up, 
even at the higher temperatures, within the 3-hr 
reaction period generally used in the present in- 
estigation. However, they did form after long-time 
runs at all temperatures. Above 1000°C, where the 
results were erratic, a flaky white coating sometimes 
formed on top of the gray-black oxide film. 

The microstructure of the high temperature speci- 
mens, such as that for 825°C shown in Fig. 3, gave 
of solid solution of 


evidence of a region oxygen 


inderlying the surface oxide. Ordinarily, this could 
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Fic. 5. Log of weight gain in ug/cm? vs. log of time in 


minutes. Data read from plot (Fig. 3) in paper by Gulbran- 
sen and Andrew (1). 
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Fic. 6. Zirconium-oxygen reaction—comparison of pres- 


ent data with those of Gulbransen and Andrew. 
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not be observed metallographically. However, 
zirconium almost inevitably contains a trace of 
hydrogen which is manifested as a precipitate within 
the grains or at grain boundaries. The solution of 
considerable oxygen appears to displace hydrogen 
with the result that the solid-solution region is seen 
as a structureless zone under the microscope. 
The effect of temperature on the rate of oxidation 
can be seen from Table I and Fig. 4. In Fig. 4, the 
logarithm of the cubic rate constant is plotted as a 
function of the reciprocal of the absolute tempera- 
ture. The equation of the best straight line through 
the points from 575°-950°C was determined by the 
method of least squares. The experimental energy 
of activation and the frequency factor were caleu- 
lated from the Arrhenius-type equation, k = 
Ae~@ *T, The energy of activation was calculated to 
be 47,200 + 1,000 cal/mole. The rate constant in 


(ml/em?*)*/see is k = 3.9 K 108 e747 VR, 


DiscUSSION 


Gulbransen and Andrew (1) reported that the 
zirconium oxidation reaction was not initially para- 
bolic, but tended toward parabolic as the reaction 
proceeded. Limiting slopes at long times were used 
to calculate rate constants. Although arbitrary, this 
procedure does have merit if the initial deviations 
are slight and oxidation times long. However, if the 
oxidation data of Gulbransen and Andrew (1) 
(Fig. 3 of their paper) are plotted on a log-log basis, 
conformity with a cubic law is suggested. This is 
shown in Fig. 5 where the logarithm of weight gain 
in wg em? is plotted against the logarithm of time. 
Slopes very close to the theoretical 0.33 are obtained. 
Rate constants were calculated from straight-line 
plots of the cube of the weight gain vs. time. These 
rate constants are compared with the present data 
in Fig. 62 Straight lines drawn through the separate 
points are of markedly different slope. The activation 
energy for the reaction from the data of Gulbransen 
and Andrew was calculated from the slope of the line 
in Fig. 6. The value obtained is 26,200 cal/mole as 
compared with the value of 47,200 cal/mole calcu- 


? Units of the calculated rate constants from the data 


2\3 


of Gulbransen and Andrew were converted to (ml/cm?’)?/sec 


for comparison with the present data 
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lated from the present data. The data of « 


leciott 
2) could not be interpreted in terms of th va 
Therefore, no comparison can be mad th th 
present data. 

According to the Mott and Cabrera (5) eory , 
the oxidation of metals, rate of formatio, of th; 


oxide films can be expressed by a cubic law | or thos 
metals whose oxides are P-type semicciductop 
(ZrOz is probably an N-type semiconducior.) Th, 
same mechanism, of course, cannot be used | expla 
the present rate data for formation of thick | 


during the high temperature oxidation of zirconiyy 
Recent work by Charlesby (6) on the formation 


thin oxide films formed electrolytically on meta) 


indicated that a cubic law of oxidation can preyy 
over a short range of temperatures. No correlatio 
can be made, however, with the present data for th 
high temperature oxidation of zirconium and thy 
data of Charlesby (7) for the thin anodized oxic 
films on zirconium. 


Waber (8), citing some oxidation data of titanium 


and tantalum, suggested that the cubic law 
oxidation may have a greater range of applicability 


than has hitherto been expected. The present work 


appears to be the first experimental evidence to dat 
that this growth law can prevail over a wide temper: 
ture range. 
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ABSTRACT 


Bismuth metal of high purity has been electrodeposited from molten mixtures of 
bismuth trioxide (10% and 25%) and the eutectic mixture of sodium and calcium chlo- 
rides. The rate of metal recovery (g/hr) is good. Energy consumption, based solely 
on the electrolysis and not on the furnace requirements, is approximately 1 kwhr/Ib 


of bismuth 


INTRODUCTION 


Bismuth metal occurs chiefly in nature as bismite, 
ely BixOy, and as bismuthinite or bismuth glance, 
wgely Biss. The National Production Authority 
»gards bismuth as a “critical”? metal chiefly because 
it is important to the defense program of the 
‘oderal government, and (6) high grade ores of the 
metal are not abundant. However, the total yearly 
production, according to Leighou (1), is only 2000 
s. In spite of such low tonnage, the metal finds 
extensive use in the preparation of matrix metal 
holding dies and in the preparation of fusible 
oys which are employed in making safety plugs in 
ilers, automatic sprinkling devices, electric fuses, 
The fact that the metal is able to confer upon 
oys its property of expanding on solidification has 
responsible for the use of some of its fusible 
oys as casting material for statuettes and in dental 
IK 
several investigators (2) have studied the electro- 
deposition of bismuth from aqueous solutions on a 
ill scale. Some baths from which the metal has 
ce Obtained in reasonably good yields employed 
tre acid, hydrochloric acid, or perchloric acid as 
lvent. Very few studies have been concerned with 
the electrodeposition of bismuth from molten mate- 
rials. Drosbach (3) used graphite electrodes and 
electrolyzed molten BiCl; in a U-tube type cell of 
ear glass for 16 hr at a temperature ai 340°C and 
tacurrent strength of 2 amp. The cathode, 8 mm in 
ameter, was immersed in the melt to a depth of 
pout 40 mm. Cathode current efficiency was 49.3 %. 
‘he phase diagram for the system, BiCl,-Bi, is such 
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that the metal is obtained only after prolonged 
electrolysis. As the metal electrodeposits at the 
cathode, it dissolves in the molten BiCl;. Eventually, 
the monochloride (BiCl) forms and, at 320°C, there 
result two layers. After prolonged electrolysis and 
subsequent cooling of the melt, bismuth metal is 
isolated by remelting the metal-rich layer under 
NaCl. 

Industrially, the metal is obtained chiefly by re- 
duction of oxide ores with carbon or iron in crucibles 
(4) or in small reverberatory furnaces, in the presence 
of a suitable flux, and by an aqueous electrolysis 
process (5) that makes use of the anode slimes at 
electrolytic lead and tin refineries. 

The present research was undertaken in order to 
study the electrodeposition of bismuth from mixtures 
of BivO; and the NaCl-CaCl eutectic and to estimate 
whether electrometallurgy of this sort would be 
superior to and/or more economical than existing 
methods for producing the metal. A choice of the 
eutectic mixture as solvent was based on the follow- 
ing, viz., (a) the molten material is an excellent 
conductor (6) of the electric current; (b) the com- 
ponent salts are extremely cheap; (c) the metal of 
ach salt is considerably more active than bismuth; 
and (d) the melting point (505°C) of the eutectic 
mixture (51.8 mole % NaCl; 48.5 mole % CaCl.) is 
relatively low by comparison with the melting points 
of the components (NaCl, mp is 798°C; CaCl, mp 
is 770°C). 

EXPERIMENTAL 
Preliminary Studies 

Some phase studies were made first since it was 
important to determine the solubility of BisO; in the 
NaCl-CaCl, eutectic mixture. Also, it was necessary 
to know the influence of the oxide upon the electrical 
conductivity of the eutectic mixture. 

Solubility studies.—Mixtures, of BicO; and the 
NaCl-CaCl, eutectic or of BixO; and NaCl, of known 
composition were placed in 250 ml porcelain crucibles 
and heated to 950°C in a_ pyrometer-controlled 
electric crucible furnace (chamber diameter, 8 in.; 
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chamber depth, 18 in.). Mixtures containing from 
25-30% BisO; formed pastes which did not liquefy 
at temperatures 200° higher than the melting point 
of the solvent. In the early stages of the work, melts 
containing up to about 25% Bi,O; in either NaCl or 
eutectic appeared homogeneous. Stirring was not 
employed. Each fusion was allowed to cool slowly. 
When the temperature had dropped to about 100° 
expected for the 
mixture, temperature readings were taken every 
three minutes until solidification of the material was 


above the solidification point 


complete. Temperature readings (millivolt readings 
of the potentiometer converted to Centigrade de- 
grees) were made by means of a platinum-platinum 
(10) rhodium thermocouple which had been cali- 
brated according to the recommendations of Roeser 
and Wensel (7). The mullite or silica protection tube 
for the thermocouple dipped into the melt to a depth 
of about 2 in. From the data, cooling curves of both 
the direct type (temperature vs. time) and of the in- 
verse rate type (temperature vs. time required for the 
melt to fall through a definite temperature interval) 
were plotted. 

Cooling curves could not be duplicated exactly for 
either the same sample or for separate samples of the 
same composition. This caused us te suspect a change 
in composition because of (a) interaction of the com- 
ponents and subsequent loss of a volatile reaction 
product, and (b) volatilization of unreacted material. 
A series of weight-loss-on-heating experiments on the 
single compounds were carried out and it was found 
that volatilization for each was of the order 0.5% 
for a 3-hr heating period. However, the weight loss 
due to volatilization was appreciable (as high as 4% 
for a mixture consisting of 25% BixO; and 75% eu- 
tectic) for mixtures of the components. It was found 
later that, except for the pastes, all other mixtures of 
Table I consisted of two liquid layers which could be 
observed easily through the sides of Vycor crucibles. 
Analysis of the layers, after cooling of the melts, 
varied even for mixtures of the same composition 
and regardless of whether the melts were quenched 
(by transferring the Vycor crucibles immediately to 
a cold air environment) or were allowed to cool 
slowly. The amount of BisO,; in all solvent-rich 
(large top layer) layers was less than 5%. The au- 
thors concluded, on the basis of the following facts, 
that chemical change had occurred in the melts: (a) 
variability of analytical data; (b) occasional escape 
of gas bubbles slowly from the melts at higher tem- 
peratures; and (c) the authors’ observation that the 
molten mixtures (particularly those containing the 
eutectic) yielded larger quantities of smoke than the 
single components when molten. An indication of the 
nature of the reaction(s) will be given later in the 
discussion section of this paper. In spite of the fact 
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that phase rule studies were terminated eg 


DECAL Se 
of the conclusion that chemical change ha ep 
in the molten mixtures, the authors now OSSesse( 
some useful knowledge, in advance of the : trolysic 
studies, about the behavior of the mixtur:< 9} los 
peratures up to 950°C. 

Electrical conductivity studies.—A dip-ty)e cel] di 
signed by the authors of Vycor glass was used 


measuring the electrical conductivity (at 1000 eyele 
only) of the mixtures. Briefly, the cell consisted of 
two vertical arms (of Vycor tubing 1.9 em diamete, 
and 10 em long) which were joined horizontally by , 
5-cm length of Vycor capillary tubing. The undersic, 
of the capillary, at the center, was slotted to perm) 
entry of melt into the cell. A length of 8-mm Vyeu 
tubing, extending vertically from the center of th 
upper side of the capillary, served as a handle for th, 
cell. Platinum disk electrodes, welded to platinum 
leads, dipped into the vertical arms of the cell. Th 
cell constant was determined by measuring the sp 
cific resistance of fused sodium chloride in this ce 
and then using that value together with the speci! 
conductance values available in the literature (8 

It was observed that the conductances of the mo 
ten mixtures were never lower than 1.5 ohm” em 
[NaCl (8) is 4.05 ohm em at 950°C]. The condu 
tivity was observed to be independent of the dept} 
of immersion of the platinum disk electrodes in th 
melt as long as the time interval between measun 
ments was of the order 2 or 3 min. One can attribut: 
this fact to the extremely small change in resistance 
For time intervals longer than 2 or 3 min, fluctua 
tions in conductivity were observed for the same 
mixture because of composition changes and not | 
cause of encountering two liquid layers. Aside from 
the fact that the studies furnished additional evi- 
dence for changes in composition, it was of interes 
to know that the melts were good conductors of th 
current. 


Electrodeposition 


In the electrolysis studies, mixtures contaming 
10% and 25% by weight of BisO; in the NaCl-CaC 
eutectic or in NaCl or in CaCl, were employed. Va! 
ous combinations of platinum, tungsten, graphile, 
and copper were used as electrodes. The cathode « 
ways rested on the bottom of the crucible contaimmg 
the fusion, while the anode dipped sufficiently !9' 
enough into the fusion to make electrical contac’ 
The distance between the electrodes was 4 em. A cop- 
per coulometer placed in series with the electrolys 
cell made it possible to calculate approximately thi 
average current which passed through the cel! duns 
the period of electrolysis. Porcelain crucibles \ 
250-ml capacity proved to be more satisfactory tha! 
either clay, graphite, or Vycor crucibles as contame™ 



















ELECTRODEPOSITION OF BISMUTH 


TABLE I. Electrodeposition of bismuth 


Solvent: NaCl-CaCl, eutectic mixture (mp, 505°C) 51.5 mole % NaCl and 48.5 mole % CaCl, 


f ; ae Electrodes . 
Vt of BisOr Temp , Cell 
ng c 


(% voltage 
Cathode Anode 


| 258 25 800 W Pt 5.7 

9 346 25 800 WwW Pt 4.5 

345 25 800 W Pt 7.5 

{ 269 10 600 C Pt 8.5 

5 269 10 600 W ( 1.8 

6 368 10 600 W C 5.5 
7 345 10 600 W C 6.3 
\ 359 10 600 W C 8.2 

334 10 600 W ( 9.1 
1() 204 0 600 WwW ( 7.4 
110 25 800 W Cc 5.5 

ila 375 25 SOO W C RY 
9 392 25 800 Cu C 6.9 
13 383 25 800 Cu Cc 2.0 
14 397 25 800 W Cc 4.8 
) 347 25 800 W ® 9.1 

16 344 25 950 W Cc 1.0 
7 361 25 950 W Cc 3.9 
s! 165 25 950 W C 1.7 
| 479 25 950 W C 1.6 


Based on actual Bi content; 11% Pt as impurity. 
Based on actual Bi content; copper impurity. 
CaCl, as solvent. 

NaCl as solvent. 


lor the mixtures. For a particular mixture, the heat- 
ug time necessary to secure a two-layer melt (10% 
BiO;, small orange-red liquid layer on the bottom 
and a large yellow liquid layer on the top) or an ap- 
parently homogeneous paste (25% BiO,;, yellow 
throughout) averaged approximately 50 min. At the 
end of that period, electrodes were inserted into the 
mixture and the electrolysis begun. The temperature 
of the furnace was maintained constant during the 
entire period of electrolysis. At the end of the elec- 
trolysis and after the crucible and contents were cool, 
the metal slug or button found on the bottom of the 
crucible was crushed until fine granules and powder 
resulted. The crushed material was then digested 
with a large volume of hot water for about 15 min, 
‘iltered, and dried at 100°C. Samples of the dried ma- 
eral were then analyzed for bismuth. 

The bismuth was determined (9) by precipitating 
| as the phosphate, by means of 10% diammonium 
phosphate, from dilute nitric acid solution and finally 
igniting at 800°C. Tungsten, carbon, and platinum 
Were present in very small amount as impurities 


Cathode 


Ammeter current 

(amp) density 

(amp/dm? 
5.1 204 
5.0 198 
4.7 184 
5.0 16 
2.5 22 
4.0) 39 
4.0 39 
4.0 39 
4.5 44 
4.0 40) 
4.0 40 
1.0 39 
+.0 160 
1.0 160 
2.1 21 
2.0 21 
$.5 44 
2.3 19 
4.8 46 
5.0 49 


Elapsed | Metal Rate of 


lime | recovered | metal, 
(g/hr 
1.50 12.1 8.1 
1.23 15.3 12.4 
1.40 8.9 6.4 
1.62 Powder 
2.06 Powder 
1.65 Powder 
2.12 11.2 5.3 
1.55 4.5 2.9 
2.00 2.3 1.2 
92 Ca, 
CaC,e 
traces 
1.27 10.0 7.9 
1.20 9.6 8.0 
1.38 10.2 7.4 


2.10 13.1 6.2 
2.10 12.6 6.0 
0.80 14.4 18.0 
0.58 6.0 10.3 
1.71 18.6 10.9 
0.92 49.1 53.0 


Product 
purity 
(% Bi 


94 
OS 
98 


98 


97 


RO? 
7 Eb 


io 


9S 
96 


OS 


97 


96 
OS 
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Cathode 
current 
efficiency 


largely because of the sparking which occurred occa- 
sionally around the electrodes during electrolysis. 
The ‘“‘anode effect,” generally observable in the elec- 


trolysis of molten materials, was present in most 


experiments of our research. However, in spite of the 
anode effect, current efficiencies were reasonably 
good. Electrolysis data appear in Table I. 


Interaction of the components. 


DISCUSSION 


There appear to be 


at least four reactions which involve the components 
even when a melt is not being electrolyzed. They are 
the following: 


Bi.O, + 4NaCl —| Na,Bi.O; + 2¢ ‘le 
BirO; + 2( ‘aCl, > CaeBinO; + 2Cl. 


Biof )s + Ov — Bi.0; 


(1) 
(Ila) 
(IIb) 


2Bi,0; + 3Ch — BiCl; + BisOeCl,; + 20, (111) 
BiCl; + 2NaCl — NaBiCl, 
BiCl,; + CaCl, — CaBiCl, 


(1Va) 
(1Vb) 


It is generally known that bismuth (V) oxide is 
formed when oxygen is passed over hot bismuth 
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(111) oxide. When bismuth trioxide was added to 
molten NaCl and/or CaCl, contained in a porcelain 
crucible in some of the authors’ preliminary studies, 
a scarlet to reddish brown substance was formed on 
the surface of the melt. This substance sank slowly 
through the melt and the color persisted only until 
the mass had reached the bottom of the crucible. At 
the same time, there was the expulsion of a quantity 
of gas greater than that observable initially from the 
melt. The scarlet color, which is definitely character- 
istic of the higher oxide, led us to believe that bis- 
muth (V) oxide had been formed. Thus, the first 
reaction is a logical one. Three facts support reaction 
(11), viz., (A) the gas which escaped from the mix- 
ture did contain chlorine; (B) the Kahlenbergs (10) 
have demonstrated quantitatively that tungsten 
oxide, a substance similar in some respects to bismuth 
(V) oxide, reacts with molten sodium chloride in the 
manner 

(2WO, + 2NaCl — NaO-W.0; + Ch); and 
((’) Belladen (11) has shown the existence of lead 
pyrobismuthite, 2PbO-BiO; or Pb.BiO;, melting 
at 625°C. Reaction (III) is in keeping with the ob- 
servation of others (12) that the trichloride, together 
with smaller amounts of an oxychloride (Bi;OQeC\,), 
is formed by the action of chlorine on heated Bi,O,; 
or BiLO;. The double chloride of reaction (IV) is quite 
analogous to the potassium pentachlorobismuthite, 
K.BiCl,;, an amber-yellow solid which Aloy and Fré- 
bault (13) prepared by passing a current of chlorine 
and bismuth trichloride vapor over potassium chlo- 
ride at red heat. Thus, the evidence cited lends con- 
siderable support to the four series of reactions which 
appear to be involved in the interaction of the com- 
ponents. 
The data of Table I reveal that 
bismuth metal can be obtained easily by the electrol- 
ysis of mixtures of Bi,O; and either the NaCl-CaCl. 
eutectic or the single salts. Platinum anodes were 


The electrolysis. 


attacked severely because of a combination of condi- 
tions which were present during the electrolysis, such 
as the sparking which accompanied the anode effect 
together with the evolution of both oxygen and 
chlorine at the anode; consequently, the large-scale 
use of the metal in this particular electrolysis is eco- 
nomically unsound. 

A tungsten cathode and carbon anode represent 
the best electrode combination employed in this 
work. Abnormally high current efficiencies, that is, 
values greater than 100% in some experiments, are 
attributable definitely to chemical reduction of bis- 
muth compounds by fairly large pieces of graphite 
which became detached from the anode as a result of 
unusually severe sparking which accompanied the 


anode effect in those experiments. However, it is 





ly 195; 
reasonable to assume that all current ¢. ciencip 
would have run a little higher if there had ot bee 
partial short-circuiting of the electrodes th: gh th. 
walls of the porcelain crucible. Others (1\)) foynq 


this to have been true in their work. 
From an academic point of view, it would 
desirable if the data showed definite rels 


© More 
onships 


among the following variables: electrode combing. 


tions, cathode current density, cathode currey 
efficiency, purity of deposit, and recoverable meta! 
deposited in unit time. Such definite relationships do 
not exist for the cathode current densities which wer 
employed in these studies. Despite the absence of 
such relationships in this work, the data are of pre 
liminary interest from an industrial or commercia| 
point of view. Conditions for obtaining bismuth 
metal electrolytically from melts, such as employed 
in this work, are not critical! All deposits were satis 
factory except in experiments 12 and 13 where coppe: 
was used as cathode material. In those experiments 
there was serious contamination by copper. However 
if one were interested in obtaining an alloy of bis 
muth and copper, use of a copper cathode in melts 
of the type used in this work might be of value. Wid 
differences in cell voltages were perhaps due to thy 
anode effect and to electrode polarizations and re 
sistance changes of the electrolyte. Energy consump 
tion values, based solely on the electrolysis and not 
on the furnace requirements, calculated for experi- 
ments 11 and lla are, respectively, 1.275 and 0.614 
kwhr/ |b of bismuth. The rating of the crucible furna 
used in this work was 6 kw at 63 volts. The authors 
believe that energy consumption values calculated 
for the two experiments would compare favorably 
with industrial electrolytic processes for many diffe: 
ent metals. Work, now in progress, is being carried 
out with a view toward ascertaining more completel 
the applicability of the process to the large-scale 
production of bismuth metal. Ores will be studied. I! 
is very likely that some impurities from the ores ma) 
codeposit with the bismuth metal; however, it should 
be possible to remove such impurities easily by «| 
electrorefining process. 

What can one say concerning the reaction(s) )) 
which bismuth metal was formed in the research’ 
Actually, both chemical and electrochemical pro 
esses were involved. Consider the following processes 
(a) cathodic discharge of trivalent bismuth ion pres 
ent in the melts; (b) cathodic discharge of sodium 0! 
calcium as the metal and subsequent interaction 0! 
the metal and bismuth (III) oxide to yield metalli 
bismuth: and (c) anodic oxidation of Bi,O,* 100 
lef. equations (Ila) and (IIb)] to bismuth (V oxid 
and reduction of the latter by fragments of the car 
bon anode to metallic bismuth. 
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The s urces of trivalent bismuth ions in the melt 
ould b» both BiCl, [ef. equation (IIT)| and unre- 
uted BOs. According to Mellor (14), electrolysis 


the oxide has been detected at 200° even though 
he oxide melts in the vicinity of 800°C. If such is 
he case, then the oxide in the melts should contain 


‘ye trivalent bismuth ion. Discharge of bismuth ion, 
Ri*®, [process (a)|} should, under normal conditions, 
be easy in view of the fact that the metal is still 
usiderably more noble than either sodium or cal- 
um in melts, just as is true for aqueous solutions. 
Process (b) cannot be excluded as a possibility when 
ne considers the fact that the electrolyzing voltages 
vere, in all experiments except one, higher by at 
eqst one volt than the decomposition voltages which 
have been obtained by others for both salts from a 
study of their current-potential curves. Kortiim and 
Bockris (15) give the following decomposition volt- 
wes: NaCl, 3.06 volts at 800°C and CaCl, 3.23 volts 
, 852°C. Another consideration in support of the 
process as a possible one is that cathodic discharge 
{either sodium or calcium would involve the decom- 
yosition voltage(s) of the original salt(s) and/or the 
pyrobismuthite and pentachlorobismuthite formed 
by interaction of the components. For any one of the 
sults, the decomposition voltage might conceivably 
be less than 2.7 volts if its measurement involved 
ising a carbon anode and tungsten cathode. It has 
wen reported [Reference (15), p. 477] that decompo- 
‘ition potentials of eryolite-alumina melts, at low 
rent densities, are 2.10 volts with a platinum 
node and 0.98 volt with carbon. However, complete 
justification for process (b) would require a determi- 
ation of decomposition voltages for the pure salts 
inder the conditions of this work and cathode poten- 
tials for the electrodeposition of bismuth under the 
same conditions. Evidence for process (c) is not 
readily available. 
Thermodynamic calculation of decomposition 
vitages for the melts and for various electrode 
ombinations would require the making of an exten- 
‘ive number of fundamental assumptions. However, 
the number of such assumptions could be reduced 
onsiderably if one were to make a kinetic study of 
the slight interaction which takes place between 
the components of the mixtures. 


SUMMARY 


|. Bismuth metal of high purity can be obtained 
by the electrolysis of molten mixtures of BisO; (10% 
aid 25%) and either the NaCl-CaCl. eutectic mix- 
lure or the single salts. 

2. Conditions for electrodeposition of bismuth from 
‘uch melts are not critical in spite of the fact that 
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slight interaction does occur between the components 
of the melts. 


3. A tungsten cathode and carbon anode appear 


to be the best electrode combination employed in the 
work. 


A discussion is given of the nature of the inter- 


action between the components of the mixtures and 


the reactions by which the bismuth 


metal was 


formed. 


5 


. Results reported herein are sufficiently encour- 


aging to warrant research now in progress to ascer- 


tain more completely the applicability of the process 


to the large-scale production of bismuth metal from 


ores. 


Any discussion of this paper will appear in a Discussion 


Section to be published in the June 1955 issue of the 
JOURNAL. 
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1. Role of Oxide Films, Pretreatments, and Occluded Gases' 


KE. A. GULBRANSEN AND K. F. ANDREW 


and nonmetallic impurities. 


kxperiments were made on the rate of reaction of high purity zirconium with pure 
hydrogen using a sensitive microbalance method, and an all glass and ceramic vacuum 


system to minimize contamination. 


The effect of a preliminary vacuum heating cycle on rate of reaction with hydrogen 
at 150°C was studied by varying the temperature of the vacuum heating cycle from 
150° to 700°C. Samples having the room temperature oxide present showed only a 
slow rate of reaction, while samples heated to 700°C for one hour showed a rate of 
reaction 7700 times as great. Results also showed that the oxide film was effectively 
removed by heating in a vacuum for one hour at 500°C. 

A study was made of the thickness and nature of the oxide film. Thus, the film formed 
in air at room temperature was more resistant to hydrogen attack than thicker oxides 
formed at higher temperatures. Studies on the effect of small quantities of oxygen 
and nitrogen in solid solution indicate only minor effects. Results suggest that con- 
siderable revision is necessary in concepts of the mechanism of the hydrogen reaction 


on metals. 


INTRODUCTION 


Occlusion of hydrogen by metals has been the sub- 
ject of a large number of scientific studies (1); how- 
ever, comparatively minor attention has been given 
to the question of rate of reaction. Unfortunately, 
many experimental studies on exothermic occluders 
such as zirconium appear to have been made under 
poorly defined experimental conditions and conclu- 
sions drawn from inadequate data. Therefore, the 
mechanism of occlusion has been found to be com- 
plicated, and the influence of surface preparation, 
cold working of the metal, occluded gases, hydrogen 
pretreatment, oxide films, and composition of the gas 
atmosphere is not understood. 

A simple physical chemical analysis of the rate of 
occlusion would show that a number of separate proc- 
esses are involved for metals such as zirconium. 
These are: first, preliminary processes at the surface, 
including chemisorption of the molecule and subse- 
quent splitting apart of the molecule into atoms or 
ions; second, diffusion of hydrogen atoms, ions, or 
molecules through the oxide or other surface film; 
third, transfer at the metal-oxide interface of the 
hydrogen molecule, atom, or ion from the oxide into 
the metal; fourth, diffusion of hydrogen along grain 
boundaries or through the metal lattice; fifth, forma- 
tion and growth of one or more hydride phases. 


' Manuscript received August 20, 1953. This paper was 
prepared for delivery before the New York Meeting, April 
12 to 16, 1953. 


Mechanism of the Reaction of Hydrogen with Zirconi 


Westinghouse Research Laboratories, East Pittsburgh, Pennsylvania 


ABSTRACT 


Previous studies have shown the reaction of zirconium with hydrogen to be sensitive 
to surface preparation, surface films, heat treating cycles, cold working of the metal, 


From an experimental point of view, it is difficult 
to separate the rate-controlling process from th: 
other rate processes. This is especially true for zir- 
conium where two phases may exist. In addition 
stable oxide films and other contaminating films form 
readily on the metal surface, and these may retard 
reaction with hydrogen. These films may dissolve in 
the metal at higher temperatures under vacuum or 
inert gas atmospheres and reappear if the rate oi 
film formation is greater than the rate of solution ol 
the oxide into the metal. Therefore, it has been 
difficult to study the relative influence of oxide films 
and the physical structure of the metal, and many 
unusual physical effects have been noticed for this 
reaction. 

Occlusion of hydrogen by zirconium has been re 
viewed by Smith (1). De Boer and Fast (2) and 
Higg (3) have studied the solubility of hydrogen and 
find that at room temperature the solubility corre- 
sponds to ZrH, 95. Desorption occurred on lowering 
the pressure. Hydrogen was stated to be more soluble 
in the 8-form, and the transition between a and 6 
forms occurs at 865°C. Hall, Martin, and Rees (4 
have studied the solubility of hydrogen in zirconium 
and zirconium-oxygen solid solutions at temperatures 
up to 1000°C and at pressures of 1-760 mm of He 
Special care was used to remove the contaminating 
influence of oxide and other films. These authors sug 
gested that much of the disagreement on the tem- 
perature at which hydrogen reacts with zirconium 
was due to poor experimental techniques and the 
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f surface films. The effect of oxygen on 
veclusion. capacity showed that oxygen diminishes 
the quantity of hydrogen taken up by a volume 
quivalent to the oxygen solution. 

(Crystal structures of the hydrogen-zirconium 
evstem have been studied by Hagg (3). Four hy- 
(ride phases were observed. Hydrogen was adsorbed 
up to. 5 atom % in the hexagonal close-packed lattice 
without an appreciable change in lattice parameters. 
\n expansion of 15.4% occurs in zirconium for a 
pvdrogen pickup corresponding to H/Zr = 1.92 (5). 
‘Gulbransen and Andrew have studied the rate of 


present ¢ 


vaction of hydrogen with zirconium specimens con- 
taining room temperature oxide film (6). Very little 
reaction occurred at 200°C while a more rapid reac- 
tion was found at 300°C. The effect of pressure on 
rate of reaction followed a square root relationship. 
The reaction was found to be very sensitive to pre- 
treatment and surface films. A similar square root 
of pressure relationship was found for the rate of flow 
f hydrogen through Zr at temperatures between 
375° and 920°C by Bernstein and Cubicciotti (7). 

In this work the role of oxide films, pretreatments, 


ud occluded gases on the rate of reaction of hydro- 
gen with zirconium was studied. 


Interpretation of the nature of the Occlusion Process 


Theories on the variable rate of reaction.—An analy- 
sis of literature on the occlusion process for exother- 
mic occluders such as zirconium indicates that two 
theories exist for the variable rate of reaction ob- 
vrved when zirconium is exposed to hydrogen. The 
first is the “rift theory” of occlusion developed by 
Smith (1). In this theory an expanding and contract- 
ug series of rifts are used to explain active and pas- 
sive states of the metal. The second is the oxide film 
theory in which a coherent thin oxide film prevents 
access of hydrogen to the metal. However, this oxide 
dissolves in the metal at high temperature under 
high vacuo conditions. Clean metal is then exposed 
ior reaction. The most recent work supporting this 
pot of view is that of Hall, Martin, and Rees (4). 
Before presenting the authors’ work, it is of inter- 
est to indicate the main experimental characteristics 
the occlusion process upon which Smith has 
developed the rift theory of occlusion. It should be 
noted that much of the work was made on specimens 
probably contaminated with oxide and other films. 
Smith’s characteristics of the occlusion process. 
|) Metal is inert to gaseous hydrogen at room tem- 
perature and normal pressure in its ordinary form. 
'B) If wradually heated the metal begins to react at 
il indefinite opening temperature. (C) The rate of 
reaction is self-accelerating in its early stages. (D) 
\t high pressures the metal in its ordinary state re- 
is permeable at lower pressures. (2) Metal 
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in its ordinary state reacts with hydrogen liberated 
upon it by chemical displacement or by electrolysis. 

(F) Permeability of metal to hydrogen may be 
increased or decreased by repeated absorption and 
evolution of hydrogen, apparently depending upon 
the rate with which the gas is expelled. (G@) Metal 
heated to high temperatures in vacuo is inert to gase- 
ous hydrogen and may be impervious to cathodic 
hydrogen. (#7) Permeability is increased by plastic 
deformation, in some cases manyfold. This increase 
is accompanied by an increase in occlusive capacity. 

In addition to these general characteristics Smith 
gives five additional characteristics of exothermic 
occluders such as zirconium. (J) After a metal is 
heated to an activation temperature above that 
described in (B), the metal possesses for some time an 
induced high permeability at ordinary temperatures 
and pressures. This is known as thermal activation. 
(J) This high permeability declines gradually at a 
rate which differs from one lot of metal to another. 
(K) Metal having high permeability and charged 
with hydrogen loses its permeability slower than if 
uncharged. (L) If heated and cooled while charged 
with hydrogen, the metal shows decreased permea- 
bility and does not give up its hydrogen to vacuum 
until heated to above its opening temperature. (1/7) 
In the composition range of two solid phas«s, exother- 
mic occluders show smaller permeability and occlu- 
sion capacity during absorption than during evolu- 
tion of hydrogen. This phenomena is_ called 
hysteresis. 

It is, of course, impossible to test all of these char- 
acteristics in one paper. However, results obtained 
in this work should be related in each case to the 
characteristics given by Smith and checked with the 
two theories of occlusion. 


EXPERIMENTAL 


A vacuum microbalance was used for all measure- 
ments (8). The 0.0127 cm thick specimens had sur- 
face areas of about 10 cm?® and weighed 0.500 gram. 
Sensitivity of the balance was | division (0.001 cm) 
per microgram, and weight change was estimated to 
L, of a division (0.25 & 10-* gram). A mullite fur- 
nace tube was used to contain the specimen and was 
sealed directly to the Pyrex apparatus. The vacuum 
system, behavior of which has been studied previ- 
ously (9), was of all glass construction and could be 
evacuated readily to pressures considerably lower 
than 10-* mm of Hg. 

Pure hydrogen was prepared by diffusing purified 
electrolytic hydrogen through a palladium tube (10). 
A special gas train was used for preparing pure oxy- 
gen. Reagent grade nitrogen was used for preparing 
zirconium specimens with given nitrogen contents. 

Two sources of high purity iodide zirconium were 
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TABLE IL. Analyses of zirconium samples 


W) APD Zr Foote Zr 
Spec. ‘ Chem. ‘ Typical 
Si 0 .002-0 .007 0.01 
Fe 0.037-0.049 0] 0.04 
\l 0 .0027-0 .0037 0.01 
Cu (0.0005-0 .0030 ) <0.01 
Ti 0 .002-0 .003 0.03 
Mn 0.005 <0.001 
Ca 0.01 
Mg (0.001) <0.0038 
Pb (0.0025) <0.001 
Mo (0.001) <0.001 
Ni 0 .0025-0 .004 0.01 
Cr 0.001-0.0018 .003 0.001 
Sn < (0.001) 0.001 
W 0.010 <0.001 
N .001-—.0025 <0.01 
2) (.020) <0.01 
tH (.002) <0.02 
© (.010) <0.001 
Hf 2.40 


Outside limits or isolated values. 

used. The first? contained 2.4% hafnium, and the 
second’ was a hafnium-free zirconium. Spectro- 
graphic and chemical analyses are g.ven in Table I. 

All specimens used had previously been abraded 
starting with 0 and finishing with 4/0 emery paper. 
The last two papers were used under purified kero- 
sene. Samples were then cleaned successively with 
soap and water, distilled water, petroleum ether, 
and absolute alcohol. After a preliminary weighing, 
specimens were placed in a desiccator until ready for 
use. Chemically polished specimens were dipped in 
a solution of 40 ce nitric acid, 40 ce water, and 10 ce 
hydrofluoric acid. 


RESULTS AND DISCUSSION 


To study the rate of hydriding of zireonium it was 
necessary to devise a test procedure which gave a 
reaction rate characteristic of an oxide-free metal 
and a reaction rate which was reproducible. Since 
the oxide film normally present on the surface cannot 
be reduced in the case of zirconium oxides, it was 
necessary to remove the oxide by heating in high 
vacuo. It was found that heating the specimen to 
700°C in a vacuum of 10~* mm or less for one hour 
gave a reproducible reaction rate with hydrogen. 
For convenience the conditions of 150°C and a pres- 
sure of 2.4 em of Hg were chosen. The reaction 
showed no evidence of an induction period. 

Results are given in terms of weight gain in micro- 


? Prepared by the Foote Mineral Company. 
’ Made by the Westinghouse Atomic Power Division and 
secured through the courtesy of the Atomic Energy Com 


Mission. 





ily 195; 


grams/cm?* and plots are made of weight time j 
minutes. | 
Effect of temperature of vacuum heating. 


l'o show 
the effect of vacuum heating procedures | 


rate Ol 


hydriding at test conditions, specimens wi heated 
for | hr at a series of temperatures in hiv} vacu 
before cooling to 150°C to determine the raie of hy. 


driding. If it is assumed that the rate of reaction 
with hydrogen at low temperatures was lirnited }y 
the presence of oxide films, vacuum heating at high 
temperatures, which tends to dissolve the oxide 
should increase the rate of reaction. In experiments 
presented here vacuum heating was made in thy 
same apparatus as the rate study and without inter. 
mediate exposure to a gas atmosphere of any kind 

Fig. 1 and 2 show the results. A new specimen was 
used for each experiment. Curve A in Fig. | was th, 
reaction of a specimen having the room temperatun 
equilibrium film, while curve B shows the rate oj 
attack after a preheat of one hour at 150°C. Curves 
A, B, and C of Fig. 2 show the rate of attack with 
hydrogen after preheats of one hour at 300°, 500 
and 700°C. It was found that the 500° and 700° ex 
periments gave similar rates of attack. Curves B and 
C were typical of many tests for these conditions oi 
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Fic. 1. Effect of time and temperature of heating on h 
driding of Zr at 150°C, 2.4 em of Hg of He. Curve A—roon 
temperature equilibrium film; curve B—preheated 10 
1 hr. 
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Fig. 2. Effect of temperature of heating on hydriding \ 
Zr at 150°C, 2.4 em of Hg of H,. Curve A—preheated 300' 
1 hr; curve B—preheated 500°C, 1 hr; curve C-—} ‘heat 
700°C, 1 hr. 
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pressure und temperature. Results were reproducible 
vithin (!e limits of experimental error. 

The rite of reaction for curve A of Fig. 1 was 
oro for the first 5 min and averages 0.473 X 10~ 
» em: see for the first 2 hr. Curve C of Fig. 2 shows 
” reaction of 0.365 ug/em?/sec for the first 2 
ratio of the rate of reaction of specimens 


q rate 0 
min. “Thi 
having the room temperature oxide present to the 
specimen annealed at 700°C was 1/7700. An even 
greater ratio would be found if the rates were calcu- 
ated for the one-minute time interval. 

Results can be interpreted readily by the oxide 
(lm theory. Thus, the inert character of the metal 
y its ordinary state can be attributed to the normal 
nom temperature oxide film having a thickness of 
the order of 10 to 50 A. This film is transparent and 
san effeetive barrier to diffusion of gaseous hydro- 
ven. It dissolved gradually into the zirconium as the 
temperature Of heating was raised and the rate of 
reaction, therefore, was greatly increased. There 
ippears to be no evidence that high heating of a 
metal such as zirconium renders it inert as inter- 
preted by Smith (1). 

Effet of thickness and character of oxide films on 
ale of reaction.—Fig. 3 shows weight gain vs. time 
curves for a series of oxide pretreatments in which 
the thickness and character of the oxide was studied. 
Curve A shows the weight gain curve for the speci- 
men containing the room temperature equilibrium 
oxide. Curve B shows the rate of reaction for a speci- 
men having been preheated under high vacuo to 
700°C for one hour and then exposed to 0.1 atm pres- 
sure of oxygen at 25°C for 20 hr. Curve C shows the 
rate of reaction for a specimen which had been 
unealed at 700°C and then oxidized at 150°C at an 
oxygen pressure of 7.6 em Hg for 5 min to form an 
xide film 63 A thick. Curves D and E show the effect 
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rig. 3. Effect of oxide on hydriding of Zr, 150°C, 2.4 em 


I. Curve A—room temperature equilibrium film; curve 

preheated +20-hr exposure to OQ» at room temperature; 
irve ( —preheated +63 A film at 150°C; curve D—pre- 
heated 500 A film at 250°C; curve E—preheated +500 A 
Mm at 275°C: eurve F preheated, no film. 
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of oxide films of 500 A thickness formed at 250° and 
275°C, while curve F shows the rate of reaction of 
a film-free specimen. 

These results again may be explained on the basis 
of a coherent oxide film which dissolves slowly in the 
metal at temperatures of 250°C and higher. In gen- 
eral, oxides formed at room temperature have the 
greatest effects on rate of hydriding. The thicker 
films formed at temperatures of 250° and 275°C are 
less resistant to hydriding for two reasons. First, 
solution of the film occurs which diminishes the film 
thickness. Second, the oxides formed at higher tem- 
peratures have a larger crystallite size. Thus, the 
fitting of the grains of oxide may be less perfect, and 
a greater porosity would be noted. 

The fact that rate of reaction increases with time 
can be attributed to gradual breakdown of the oxide 
film physically by passage of hydrogen as well as to 
the gradual solution of the oxide into the metal. 

Again the oxide film theory appears to explain 
observed facts better than the rift theory. 

Comparison of source of zirconium.—Fig. 4 and 5 
show a comparison of reaction rates for two sources 
of zirconium.’: * Fig. 4 shows comparison of the rate 
of reaction of the two specimens having the room 
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Fic. 4. Comparison of source of Zr. Curve A—room tem 
perature equilibrium film, Foote Zr, hydriding 150°C, 2.4 
em of Hg of He; curve B—room temperature equilibrium 
film, A.P.D. Zr, hydriding 150°C, 2.4 em of Hg of H, 
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Fig. 5. Comparison of source of Zr. Curve A—Foote Zr, 
preheated 1 hr, 700°C, hydrided 150°C, 2.4 em of Hg of H.; 
curve B—A.P.D. Zr, preheated 1 hr, 700°C, hydrided 150°C, 
2.4 em of Hg of He. 
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Fic. 6. Effect of pretreatment on hydriding Zr 150°C, 
2.4 em of Hg of H.. Curve A—preheated 700°C, 1 hr; curve 
B—preheated-hydrided 150°C, heat up 700°C; curve C 
preheated-hydrided 150°C, heat up 700°C, room temperature 
oxidation. 


temperature equilibrium oxide film present, while 
Fig. 5 shows a similar comparison for the 700°C an- 
nealed specimens. Agreement between results for 
the two sources of zirconium was good. 

Effect of successive hydrogen treatments and expo- 
sure to Os.—Smith (1) has stated that successive 
hydrogen treatments affect permeability and occlu- 
sive capacity of the metal. In early stages of the 
reaction up to a H/Zr ratio of 0.2, no such evidence 
was observed providing one is working with an oxide- 
free zirconium surface. 

Three rates of hydriding experiments were com- 
pared in Fig. 6. Curve A shows the control experi- 
ment with the rate of hydriding determined after the 
700°C vacuum anneal. Curve B shows a rate of 
hydriding experiment for a sample which was given 
a high vacuo anneal at 700°C, hydrided at 150°C to 
100 ug/em* or to ZrHos, the hydrogen removed by 
heating to 700°C then cooled to 150°C for the second 
hydriding. Curve A shows a total reaction of 57 
ug cm? for 5 min while Curve B shows a total reac- 
tion of 66.5 wa /em? for 5 min. A small change appears 
in the rate of reaction due to previous adsorption 
and desorption of hydrogen in the lattice. However, 
the effect is a minor one when compared to the effect 
of oxide films. This is shown in curve C of Fig. 6. In 
this experiment the sample was heated, hydrided at 
150°C, heated to 700°C, exposed to room tempera- 
ture oxygen, then hydrided at 150°C. The effect of 
room temperature oxidation was great. 

More experiments will have to be made to deter- 
mine effect of the reaction of large quantities of 
hydrogen and subsequent removal on the rate of 
hydriding. Small quantities adsorbed and removed 
have only minor effects on the rate of hydriding. 

Effect of oxygen in solid solution.—Samples of 
zirconium were heated to 700°C to dissolve the 


oxide film, then dosed with oxygen to give samples 
having 0.16, 0.027, 0.064, and 0.068 weight per cents 
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Fic. 7. Effect of dissolved oxygen on hydriding of 7; Hi 
150°C, 2.4 em of Hg of He. Curve A—700°C preheated | }, neral 
curve B—0.016% O, added, preheated 1 hr; curve C—0 0767 +] 
O, added, preheated 1 hr; curve D—0.064% O,, preheated ee 
1 hr; curve E—0.0679% O+» added, preheated | hy ind 

prehe 

of oxygen above the oxygen content of the original aa 
metal. Specimens were then heated in vacuo for | 0" 
hr at 700°C to homogenize the oxygen before cooling a 
to 150°C where further reaction with hydrogen oe. preh 
curred. Rapid homogenization was assumed to oecur ro 
in the one-hour vacuum anneal at 700°C for th Re 
following reasons: (a) thickness of the specimens was _ 
only 0.0127 cm with both sides of the specimen ex. a 
posed to the original oxygen treatment; (b) th hu 
small amounts of oxygen that had to be homoge. _ 
nized; (c) the high rate of attack of zirconium with _ 
oa cate ), 

oxygen at 700°C. PM 

Results are shown in Fig. 7. The curves show total nat 


weight gain values varying from 55 yug/em* to (3 react 


ug/cm* after 5 min of reaction. Within experimental sat 
error, oxygen in solid solution in small amounts Fi 
exerts only minor effects on the rate of hydriding at nid 
150°C. aya 


Effect of nitrogen in solid solution.—Samples oi 
zirconium were prepared as described above excep! 
that reagent grade nitrogen gas was used to dose th 
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Fic. 8. Effect of dissolved nitrogen on hydriding dr 
150°C, 2.4 em of Hg of H,. Curve A—700°C, preheated |)! 
curve B—0.0095% N:» added, preheated 1 hr; curve ‘ 
0.0196% N:» added, preheated 1 hr; curve D—0.0491% N 
added, preheated 1 hr; curve E—0.096% Ne added, p" 
heated 1 hr. 
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amples with given amounts of nitrogen. Thus, sam- 
ples hav ng 0.0095, 0.0196, 0.0491, and 0.096 weight 
nor cen! of nitrogen above the original nitrogen con- 
a were prepared. Again homogenization was 
sumed to occur in a one-hour vacuum treatment 
700°C for reasons given above. Results are shown 
» Fig. 8. As in the case of oxygen in solid solution, 
‘he curves show that small amounts of nitrogen have 
niv minor effects on the rate of reaction. 


SUMMARY AND CONCLUSIONS 


High purity zirconium containing the room tem- 
erature equilibrium oxide film reacts very slowly 
‘ith hydrogen at 150°C and 2.4 em of Hg pressure, 
nd in a self-accelerating manner. Similar specimens 
preheated in high vacuo at temperatures above 500°C 
ior one hour react very rapidly with hydrogen at 
30°C and 2.4 em of Hg pressure without an induc- 
ion period. The ratio of the rate of reaction for the 
preheated specimens relative to those not preheated 
vas 7700 or greater. 

Results were interpreted in terms of an oxide film 
miting the rate of reaction, this film dissolving in 
ihe metal as the temperature of annealing was raised. 
(hus the oxide film present on the unannealed speci- 
men limits the rate of reaction and imposes an induc- 
tion period on the reaction. 

Previous work summarized by Smith, showing 
that vacuum heating the metal decreases the rate of 
reaction of hydrogen, may be interpreted now as due 
ty formation of an oxide or other contaminating film. 

Further experiments show that the nature of the 
xide film was very important in its resistance to 
ivdrogen. Thus, room temperature equilibrium 
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oxide films were more resistant to hydrogen than 
thicker oxide films formed at higher temperatures. 
This was explained in part by a partial solution of 
the oxide and to the presence of larger oxide crystal- 
lites in the films formed at higher temperatures. 

Small amounts of dissolved oxygen and nitrogen 
up to 0.1 weight per cent have only a minor effect on 
the rate of hydriding at 150°C. 

Successive hydrogen treatments show only minor 
effects on the rate of hydriding for hydrogen adsorp- 
tions up to 0.2 atom of H per atom of Zr. 

Many of the unusual occlusive characteristics 
given by Smith may be interpreted on the basis of the 
oxide film theory which offers an effective resistance 
to the reaction with hydrogen at low temperatures. 


Any discussion of this paper will appear in a Discussion 
Section, to be published in the June 1955 issue of the 
JOURNAL. 
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ABSTRACT 


Measurements of some of the electrical properties of the compound AlSb indicate 
semiconducting characteristics comparable with those reported for silicon. Data 
were taken on the electrical resistivity, thermoelectric power, and Hall voltage as a 
function of temperature over the range from 80° to 1200°K. The energy band separa 


tion, as determined from the temperature dependence of the conductivity, is 1.5 to 


1.6 ev. Mobilities of electrons and holes are approximately equal and are greater than 


100 em?/volt-see at room temperature. Rectification characteristics are given for both 


P- and N-type samples of various resistivities. Both photovoltaic and photodiode ef 


fects were observed 


INTRODUCTION 


During the past decade, much effort has been ap- 
plied to the preparation and investigation of semi- 
conducting properties of such elements as silicon, 
germanium, selenium, and tellurium. The object of 
this research has been not only to develop useful 
devices such as transistors and rectifiers, but also to 
interpret the properties of these elements in terms of 
modern theories of solids. Such extension of our 
knowledge concerning these fundamental processes 
is obviously of value whether one is interested in 
improving the characteristics of existing components, 
in developing new devices, or in the discovery and 
evaluation of new semiconducting materials. Elec- 
tronic-device development has, in fact, proceeded to 
such a stage that a great variety of materials having 
special semiconducting characteristics are desired. 
To be more specific, in certain applications a high 
mobility of the charge carriers is of prime importance. 
Of the elements in common use at the present time, 
germanium exhibits the highest mobility. On the 
other hand, many applications require concentra- 
tions of minority carriers to be small over the tem- 
the 
separation between filled and conduction bands must 


perature range of operation. Hence, energy 
be sufficiently large so that the intrinsic contribution 
to the conductivity is negligible. Since this energy 
gap in silicon is approximately 1.1 ev as compared 
to 0.72 ev in germanium, it is understandable why 
extensive work is now being done on silicon for use 
in high temperature rectifiers and transistors. 

In addition to elements such as those discussed 
above, a number of compounds have semiconducting 
properties. Several well-known examples of these are 
lead sulfide, cadmium sulfide, and cuprous oxide. 

' Manuscript received April 13, 1953. This paper was pre 
pared for delivery before the New York Meeting, April 12 
to 16, 1953. 
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Many other binary compounds which are semiev 


ductors are known. In particular, it has been noticed 


that a large number of elements combine with an 
mony to form useful semiconducting materials. Fy, 
example, with elements in Column I of the period 
table, such as Cs, Rb, and K, antimony combines | 
give compounds, such as Cs,;Sb, which find extens 

use in photoemissive cells. From Column I, on 


obtains Mg,Sbe, whose semiconducting properties 


have been studied in detail by Boltaks (1), Zhus 
(2), and others. The other series of elements in ( 
umn II yield materials of lower intrinsic resistivit 
such as ZnSb and CdSb. The properties of these com 
pounds have been studied by Telkes (3), and by 
Justi and Lautz (4). Elements of Column VI, wh 
combined to form the compounds SbeS; (5), Shs 
(6), and SbeTe;, are also known to exhibit semico 
ducting properties. 
Antimony also forms compounds with elements 

the third column of the periodic table, that is, wit! 


aluminum, gallium, and indium. These compounds 


are especially interesting since they possess the 2! 
blende crystal structure. At the initiation of th 


present investigations, there was no informaty 


available on the electrical properties of these com- 


pounds. Recently, however, a publication by Welk 
has appeared (7). Welker contrasts the structu 


and electrical characteristics known for the elements 


diamond, silicon, germanium, and gray tin ol 
fourth column of the periodic table with those « 


pected for the general series of compounds compos 


of elements from the third and fifth columns. Spee! 
cally, these compounds are AlSb, InSb, GaSb, Al's 


InAs, GaAs, AIP, InP, and GaP. 


PHASE DIAGRAM AND CRYSTAL STRUCTURI 


Equilibrium studies of the aluminum-antimol 
system were carried out by Gautier (8) over 1! 


years ago. He noted that a high melting port 


associated with the composition in which an eq! 


7 acne setae, 
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|. Phase diagram of the aluminum-antimony sys 


imber of aluminum and antimony atoms are pres- 
Subsequent investigations were carried out by 
mpbell and Mathews (9), and by Tammann (10). 
twas not until 1933, however, that the currently 
epted phase diagram was published by Guertler 
d Bergmann (11). Results of these investigations 
¢ summarized in Fig. 1. 
lt will be noted that the compound AlSb has a 
elting point of 1050°C as compared with melting 
wints of 660° and 630°C for aluminum and anti- 
ony, respectively. 
X-ray studies by Owen and Preston (12) in 1924 
dicated that the intermetallic compound AISb had 
ihe zincblende structure with a lattice constant of 
(1.126 A. Recent x-ray studies at Battelle confirm the 
‘tructure type and are in agreement with the re- 
wrted lattice constant. These measurements indicate 
attice constant of 6.1361 + 0.0003 X* 10° cm as 
mpared with the Owen and Preston value which, 
‘hen converted from kx units, is 6.138 XK 10°-° em. 
The structure of a unit cell of AlSb is shown in 
‘ig. 2. Atoms of one element may be pictured as de- 
ng a face-centered cubic arrangement, while those 
1 the second element define a similar configuration 
hich interpenetrates the first. Hence, a total of 8 
toms-—-f Al and 4 Sb—are contained in the unit 


ach antimony atom has 4 aluminum atoms as 
earest neighbors, at a distance of 2.657 K 10-° em. 


hey are connected by a two-electron homopolar 


ond 

It is 'o be noted that the AISb structure and bond- 
ig are similar to those of germanium and silicon. 
These 


miconducting elements possess the diamond 
, a crystal form to which that of AlSb would 
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ate CORES. 


Face-Centered Cubic 


Diamond Structure Lattice Constant 








Diamond 3.5597 X 10°%cm 
Silicon 5.431 
Germanium 5.657 

AQSb 6.1361 0.0003 


Fic. 2. Crystal structure of the compound AlSb 


reduce if both atoms were identical. The lattice con- 
stants of diamond, silicon, germanium, and AISb are 
also given in Fig. 2. 


RESISTIVITY AND ASSOCIATED PROPERTIES 

Electrical resistivity, thermoelectric power, and 
Hall measurements were made over a temperature 
range from 80°K to 1200°KXK on a number of samples 
of aluminum antimonide containing different extrin- 
sic carrier concentrations. The specimens, which were 
polycrystalline, were carefully annealed in order to 
reduce inhomogeneities in the samples, such as grain- 
boundary effects. 

Specimens were measured, which showed resistivi- 
ties ranging from 1 X 10°? ohm-cm to 32 ohm-cm, 
at room temperature. These specimens had charge- 
carrier concentrations, determined from the Hall 
measurements, which ranged from 4 X 10" to 1.5 < 
10" per cm*. The specimen containing 1.5 x 10" 
carriers/cm* has a resistivity of 32 ohm-cm at 25°C. 
Germanium with the same P-type carrier concen- 
tration would have a resistivity of around 2 ohm-cm. 

Resistivity data are shown in Fig. 3. It was noted 
that the general shapes of the AlSb resistivity curves 
were remarkably similar to those of polycrystalline 
silicon containing boron impurities, except for the 
higher intrinsic slope in the case of AlSb. Resistivity 
data for silicon, as reported by Pearson and Bardeen 
(13), are consequently indicated by the dashed curves 
in Fig. 3. Carrier concentrations at room temperature 
as determined from the Hall measurements are shown 
for both AlSb and silicon specimens. Measurements 
presented in Fig. 3 were taken on P-type material, 
and mobilities of positive holes were computed from 
the resistivity and Hall data. The Hall coefficient as 
function of temperature for these specimens is shown 
in Fig. 4. Again, silicon curves from the data of 
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Fic. 3. Resistivity of AISb as a function of temperature 


Pearson and Bardeen are shown for comparison. 
Especially interesting is the fact that the Hall coeffi- 
cient for AlSb begins to decrease at temperatures 
lower than those at which it decreases for silicon. 
This decrease is due primarily to the increase in the 
number of the minority N-type carriers from the 
filled band. Also, the sign of the Hall constant does 
not reverse in the intrinsic region. Both of these facts 
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Hall coefficient of AlSb as a function of temp- 


indicate that the ratio of the electron mobilit » to jy), 
mobility in AlSb is nearly unity. Hence, the ratio y 
the effective mass of the electrons to that of | he holy 
is also about one. In this respect, AISb is differ 
from silicon and germanium, where the effective mag 
of the electron is significantly less than that of tp 
holes. For samples containing less than 10" impyy. 
ties/cm*, lattice scattering predominates even at tey, 
peratures as low as 80°K, and the temperatyp 
dependence of the mobility approximates  quijy 
closely the 7~*” relationship. Magnitudes are yer 
close to those reported for polycrystalline P-tyy 
silicon. In particular, room temperature mobility {y 
the positive holes in AlSb was observed to be | 
em?/ volt. sec. As was found in the case of silicon. jt 
to be expected that the crystallite boundaries mig) 
give a significant contribution to the resistivitia 
measured on the polycrystalline specimens. Hen« 
the value given above can be considered only as , 
lower boundary. Values obtained for single crystals 
may be much larger. For ionized impurity conce: 
trations greater than 10"/cm', impurity scattering 
causes a reduction in the mobility at low temper. 
tures. In fact, in the specimen containing 3.8 X 1\) 
carriers/cm*, the mobility has been reduced, eve: 
room temperature, to about 15 em?*/ volt-sec. 

Another observation on an AISb sample containing 
1.5 10" carriers/cm’® was that the thermoelectr 
power changed from positive to negative at 275° 
In the sample with 6.2 K 10" P-type carriers, th 
crossover temperature increased to approximate); 
500°C. 

An approximate value of the energy-band sepa 
tion in a semiconductor can be obtained from th 
slope of the log p vs. 1/7 curve in the intrinsic regio 
Such a calculation gives a value of approximate! 
1.5 to 1.6 ev for AlSb.* This is somewhat larger tha 
that of silicon, which is approximately 1.1 ev. A ver 
important practical consideration is connected wit! 
the width of this forbidden band. This factor © 
important in determining the upper limit to tl 
temperature at which a semiconductor device 
be operated. For example, with germanium, havi 
a band separation of 0.72 ev, the present uppe 
limits of operation are 70°-80°C for most operation 
With silicon, on the other hand, P-N junction diode 
have been reported to operate at temperatures © 
high as 300°C. 


RECTIFICATION AND PHOTOEFFECTS 


When a metallic point contact is made with 4 
impurity semiconductor as shown in Fig. 6 (lowe 


* Note added in proof: Since the presentation of th 
paper, there has appeared a publication by H. Wrket 
Z. Naturforsch., 8a, 248 (1953). His value of 1.65 ev for 
energy-band separation in AlSb is in good agreement ¥' 
the above result. 
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al. 101. No. 7 
wht corner), al asymmetric nonlinear current- 
ltage relationship is observed. If the semiconduc- 


ois P-type and the metal point is negative, a low 


vsistance to the current is obtained, while for 
oversed polarities, a high resistance occurs. Such a 
levice is called a P-type point-contact rectifier. 

\ number of specimens of AISb were investigated 
or rectification and photoelectric phenomena. 
roctification was found at point contacts of several 
ferent metals with polyerystalline AlSb specimens 
{ various resistivities. Current-voltage characteris- 
os for several such rectifiers are shown in Fig. 5. It 
rill be noted that both P- and N-types of rectifica- 
ion were obtained. Although a number of different 
tals of widely varying work functions were used 
orthe point contact, it was not possible to correlate 
served rectification characteristics with differences 
» work functions. A somewhat similar situation has 
wen reported by Meyerhof (14) in connection with 
icon point-contact rectifiers. 

some rectifiers made from specimens containing 
P-V junctions exhibited saturation regions in their 
orward characteristics. In these cases, when the 
ntact was moderately illuminated with white light, 
hotoelectrie effects were observed. Changes in 
rvard current in the saturation region by as much 
is 100% were observed. The same contacts exhibitea 
hoto-emf’s up to 25 mv. Similar observations have 


wen reported for germanium by Benzer and others 
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Characteristics of AlSb point-contact rectifiers 
are compared in some detail with those of silicon 
rectifiers in Fig. 6 and 7. For this purpose, a more 
informative presentation of the current-voltage 
characteristics of semiconductor rectifiers is used. 
Fig. 6 shows the reverse and forward current varia- 
tions with applied voltage of a P-type AlSb point- 
contact rectifier compared with those for Si rectifiers 
made from polycrystalline Si reported by Scaff and 
Ohl (16) in 1947. In addition to the similarity between 
the rectifiers, it will be noted that the rectification 
ratio at one volt for the AISb rectifier, although 
slightly less than that for the Si, is about 800. 

Fig. 7 shows characteristics for V-type AlSb point- 
contact rectifiers. These have been compared with 
improved  point-contact 
(17) in 19852. 


Improvement was obtained through bombardment 


the characteristics for 
silicon rectifiers reported by Ohl 
by helium ions. It will be noted that the N-type 
AlSb rectifiers compare favorably with these silicon 
rectifiers. Rectification ratios as high as 10,000 at 
t volts are apparent. Although peak inverse voltages 
are low in the AlSb and the silicon rectifiers shown 
in the figure, higher peak inverse voltages can be 
obtained. For example, in other experiments, for 
which data are not presented in the figures, voltages 
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as high as 90 volts were applied in the reverse 
direction without damage to the AlSb rectifiers. 
CONCLUSIONS 

In summary, this work has revealed that the 
compound AISb can be considered as a new addition 
to the germanium and silicon family of semicon- 
ductors. Its structure is the diamond structure; its 
electrical properties vary with changes in amount of 
atomic imperfections in a manner strikingly similar 
to that of silicon. A wide range of electrical resistivi- 
ties varying from 1 X 10 to greater than 30 ohm- 
cm has been achieved in homogeneous polycrystal- 
line materials, and both P- and N-type electrical 
conductions were obtained. Outstanding differences 
between electrical properties of AlSb and Si appear 
to be the equivalence of electron and hole mobilities 
and the energy gap of 1.5 to 1.6 ev in AlSb as com- 
pared, respectively, with the 4 to 1 ratio and 1.1 ev 
gap for Si. 

Also like Si, AlSb will make rectifying contacts 
with many different types of metal points. These 
rectifying contacts are characterized by low peak 
inverse voltages in the case of material with large 
carrier concentration, and higher peak inverse 
voltages in material with smaller charge-carrier 
concentrations. Further, preliminary evidence has 
been obtained to show that AlSb point-contact de- 
vices can be produced to act as electrical switches 
on exposure to light as well as used to convert light 
to electrical energy. 

Appraisal of collected data on AlSb suggests that 
it may have advantages over Ge and perhaps Si for 
high temperature electronic-device applications of 
interest to the military. Its melting point being only 
1050°C, whereas that of Si is 1420°C, indicates that 
procedures for processing AlSb may be more easily 
evolved than for Si. 

Besides these advantages, the cost of high purity 
\l and Sb comparable in purity to the Ge and Si 
used as starting materials in rectifier and transistor 
manufacture is markedly smaller; for example, high 
purity Al and Sb cost less than $5/lb as compared to 
$300 lb for Ge and Si. 

Based on these findings, it is apparent that further 
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efforts to develop AlSb for use in place of ( - and x 
in solid-state electronic devices should be re arding 
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ABSTRACT 


Photoconductive and phosphorescent properties of cadmium sulfide are modified 
by adsorbed molecules. Change in spectral response of photoconductivity and the 
phosphorescence efficiency when crystals are exposed to vapors suggest that surface 


states due to adsorbed molecules aid in recombination. Photovoltaic behavior of rec- 


tifving contacts lends credence to the hypothesis that infrared releases otherwise im 


mobile holes. 


INTRODUCTION 


Electron traps play an important role in condue- 
on processes in photoconductors, affecting such 
roperties as spectral sensitivity of photoconductiv- 
‘y and time for rise or decay of photoconductivity 
(1). For highly 
photoconductive hexagonal cadmium sulfide, surface 


intermittent irradiation 
valization of a considerable portion of the traps 
is been reported (2). The extent to which these 
this 
ystal must be evaluated for proper application of 
hotoconductivity theories based on isotropic bulk 
erties. Experiments are performed in’ which 
fects due to adsorbed vapors predominate in the 
isurements. 

difficult to 
dmium sulfide with any degree of quantitative 


Since it is grow photoconductive 
eproducibility of electrical and photoconductive 
particular attention must be paid to 
results which indicate a consistency independent of 
he magnitude of observed effects. The crystals for 
hich data are presented (3) were grown by a modi- 
ed form of Frerichs’ method (4). Cadmium vapor 
th argon as vehicular agent is fed into a spherical 
lartz oven to react with H.S. Crystals grow from 
ipor produced by the reaction and phosphorescence 
bservations are made on them; their red phos- 


phorescence has been attributed to excess cadmium 


) For 


= | ‘ 
vstais are 


photoconductive those 
which 


hosphoreseence under ultraviolet excitation. 


measurements 


chosen show little or no red 


(\UENCHING OF PHOSPHORESCENCE BY VAPORS 

Red phosphorescence of these crystals is measured 
means of an RCA Type 6217 photomultiplier 

ith a red filter, such as Corning Type 2-62, covering 


‘he photosensitive surface. Crystals are placed on 
he filter and irradiated with a mereury vapor lamp 
Manuseript received October 12, 1953. This paper was 


or delivery before the Chicago Meeting, May 2 to 
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used in conjunction with a Corning Type 7-60 
ultraviolet filter. the 
photomultiplier current iodine, 
hydrogen chloride, or water are introduced into the 


Observations are made of 


when vapors of 
atmosphere near the crystal. A reduction in photo- 
multiplier current is usually observed, taking place 
in less than one second. For a particular batch of 
crystals, current reduction due to iodine vapor is a 
factor of about 1000, the lowest measurable current 
being determined by ultraviolet excitation of the 
red filter and photomultiplier combination. With the 
removal of vapors from the crystal atmosphere, the 
photomultiplier current usually returns to its original 
value. 


QUENCHING OF PHOTOCONDUCTIVITY BY VAPORS 

Bube (6,7), and Caspary and Miiser (8) observed 
changes in photoconductivity of cadmium sulfide 
in vacuum. Caspary and Miiser observed an increase 
of up to 20% and Bube reported an increase of more 
than 60%. Bube found atmospheric moisture to be 
responsible for decrease in sensitivity and increase 
in rate of current decay when the exciting light was 
removed. 
the 
nonrectifying 


To determine spectral photosensitivity of 


crystals, they are mounted with 


indium electrodes (9) and inserted into a_ brass 
cylindrical container which can be evacuated to a 
pressure of about 10-* mm Hg. A cylindrical heater 
is mounted externally. At a rate of 25°C hr, the 
crystal is heated to 100°C in an atmosphere of a 
few microns pressure of helium to effect thermal 
conductivity between the brass container and the 
crystal, temperature being measured by a thermo- 
couple adjacent to the crystal. The crystal is cooled 
to room temperature in vacuum. Measurements are 
made with the crystal connected in series with a 
direct current voltage source, of the order of 100 
volts, and a current meter. Light from a 100-watt 
tungsten lamp is focused on the entrance slit of a 
Gaertner monochromator. Light from the exit slit 


is reflected by a concave mirror through a quartz 
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window onto the crystal in the container. The 
monochromator slits are kept fixed at 10. 

Fig. | shows results of photosensitivity measure- 
ments for the same crystal in vacuum and after 
exposure to air at 45% relative humidity, room 
temperature. A current correction is applied so that 
current plotted in the figure corresponds to equal 
intensities at each wave length. It is seen that the 
effect of admitting air is depression of spectral 
sensitivity over the entire photoconductive spectrum, 
with a proportionately greater decrease in sensitivity 
toward the blue end. Fig. 2 illustrates measurements 
on another crystal. The coincidence in vacuum and 
in air of photoconductive response beyond the 
absorption edge at about 5200 A (4) may be evidence 
that, for this crystal, the long wave length sensitivity 
is primarily determined by its bulk properties. 
Bube (7) varied the relative humidity and found 
that the effect of water vapor was current depression 
for wave lengths shorter than about 5,000 A indicat- 
ing that internal properties determined the long 
wave length response of his crystal. 

Admission of iodine vapor to the evacuated con- 
tainer reduces current sensitivity of the crystal, 
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Fic. 1. Spectral sensitivity of a photoconductor before 


and after exposure to air. 
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bulk effects dominating long wave length response cryst 
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with factors of 100 to 1000 being not uncommon fo: almo 
wave lengths shorter than 5200 A. forw: 
sligh 
RECTIFICATION 
quen 
Other investigators (10-13) have reported that « Hiden 
potential drop usually occurred at the negativ Taft 
electrode on a cadmium sulfide crystal used as 1 TI 
photoconductor, with accompanying rectificatio gree! 
In repeating their experiments, it is found that Hat tl 
I g I 
rectification at broad area colloidal graphite ele (15). 
trodes may be enhanced by exposing the contact to W 
hydrogen chloride for a few seconds, then washing Hinter 
with water. This phenomenon is apparently due 0 H@satu 
an increased capability of the crystal to take o Bijgene 
adsorbed water vapor at the contact, since reetific mea: 





tion is greatly diminished when the crystal is eurr 





vacuum, and is re-established when moist al lire 






crea 









admitted. Crystals are chosen for rectification 


vestigations by probing with a well-defined beam «| Hside 


light to insure that one contact is the major seat a 
photoconductivity. amp 


Crystals with one predominantly rectifying (ol zree 
tact are mounted so that two beams of light can ' am} 
superimposed on the crystal. An infrared souree * 
provided by the monochromator and lamp dese 
varlier. The other source of light is a_ 10(0-wall 


tungsten lamp with a green filter. Photoge: erated 
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yrrent at the contact is measured with a Perkin- 
Kimer breaker type amplifier, internal 
impedance is small compared to that of the contact, 
while the photogenerated voltage at the contact is 


whose 


measured by a Rubicon potentiometer connected so 
that its output voltage opposes that generated at the 
contact. Photogenerated voltage is given by that 
value of opposing voltage which nullifies current 
detected by the amplifier. 

The effectiveness of infrared in quenching photo- 
conductivity due to green light (2, 4, 14) is pro- 
portionately greater with the voltage applied to the 
crystal in the high impedance direction (electrode 
at rectifying contact is negative). For many crystals 
almost no infrared quenching is observed in the 
forward direction, and for some crystals there is a 
slight increase in current. The spectrum of infrared 
quenching centers at about 9000 A and 14,000 A 
identify it as the same phenomenon observed by 
Taft and Hebb (2). 

The sign of the photogenerated voltage due to 
green light implies the shape of the potential barrier 
at the contact to be similar to that shown in Fig. 3 
(15) 

With green light incident at the contact, and with 
intensity such that photogenerated voltage is not 
saturated, superposed infrared light increases the 
generated voltage. Infrared alone produces no 
measurable photovoltage. Green light generates 
current at the contact flowing in the high impedance 
direction. Infrared superposed on green light  in- 
treases the generated current by an amount con- 
siderably greater than is generated by infrared itself, 
“£., lor one erystal, infrared generated less than 107"! 
amp, green light generated 3 xX 10-" amp, and 


sreen and infrared light combined generated 6 X 10-" 
amp 


DISCUSSION 
If o 


assumes that the effect of water vapor at 
the C(O 


ict is similar to the effect of water vapor on 
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Fic. 4. Energy band diagram for surface with ad 
sorbed vapor. 


the crystal surface, these observations suggest an 
interpretation similar to that discussed by Bardeen 
(16) in connection with surface states of germanium. 
The increase in rectification at a contact due to 
water vapor may be interpreted as being due to an 
increased number of surface states for electrons 
made possible by the adsorbed vapor, creating a 
potential barrier at the contact. The decrease in 
phosphorescence and photoconductivity due to 
vapors is explained as being due to increased recom- 
bination at the surface, a conclusion previously 
arrived at by Bube (7) based on photoconductivity 
and time constant measurements. The infrared 
effects at the rectifying contact may be explained 
by the hypothesis of Rose (1) and Taft and Hebb, 
(2) that infrared frees holes within the crystal. 
Release of positive holes in the potential barrier at 
the contact may heighten the barrier and increase 
its thickness, increasing generated voltage and 
current. Bube (7) attributed surface effects to a 
surface conductivity increased by the presence of 
water vapor, and implied the existence of occupied 
surface states on “‘dry”’ crystals due to an essential 
difference in the nature of the surface and volume. 
If the interpretation given here is valid, based on 
increased rectification due to water vapor at the 
contact and recombination enhanced by electro- 
negative or dipolar vapors, the surface states are 
due to adsorbed molecules. Fig. 4 depicts the energy 
band diagram for a surface with adsorbed vapors. 


Any discussion of this paper will appear in a Discussion 
Section to be published in the June 1955 issue of the 
JOURNAL. 
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Aqueous Solutions 
M5 Il. The Effect of lonic Structures' 
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ABSTRACT 


Consideration of electronic structures of metal ions in aqueous solutions indicates 
that metals are electrodeposited from ions in which coordinate linkages involve only 
orbitals of the outermost electronic shell. When coordination involves the penultimate 
shell also, that is, with Taube’s “inner orbital’? complexes, the metal is not electro- 
deposited. Apparently the energy required to break such hybridization exceeds that 
required for cathodic discharge of hydrogen from these solutions. Platinum metals 
are exceptions, probably because of extraordinary stability of the metallic state for 
these elements; deposition, however, requires high activation, as shown by over 
potentials and low current efficiencies. Between different oxidation states, electrolytic 
oxidation or reduction is irreversible if the electronic configuration must be changed 
significantly. Irreversible deposition is observed for transition metals or when the 
ion is bound in a hydrolyzed aggregate. Since inner orbital hybridization is associated 
with a lack of substitutional lability of the coordinated groups, whereas lability of 
outer orbital complexes probably results from formation of a dissociation interm  iate, 





it is likely that such an intermediate is also important in the cathode process. These 
considerations are used to account for and extend the Piontelli electrolytic classifica 
tion of metals. In considering the effects of anions, it is shown that aquo complexes 
are reduced with highest irreversibility, which is attributed to high activity of water; 
the influence of halide ions may be labilization by the trans effect 


INTRODUCTION become competitive, or that both of these factors 
Metals which have been electrodeposited from may operate. It should be noted, however, that 


ueous solution lie to the right of the vanadium hindered mechanisms of deposition often lead to 


roup in the extended form of the periodic table (1) fine-grained or even bright deposits so that deposition 


Near this boundary, deposition occurs with poor may be relatively simple in its technical applications. 
ithode efficiencies, high activation overpotentials,’ Left of the deposition boundary line discharge ol 
ind close dependence on conditions of electrodeposi- hydrogen becomes easier than that of the metal jon, 
while far right of the boundary, metal discharge is so 


easy that little or no hydrogen is produced, over- 


on. These circumstances suggest that the electro- 
leposition mechanism is seriously limited in rate, 


tr 


hat the hydrogen discharge reaction can easily potentials are low, and ease of deposition is such 
J that coarse, crystalline deposits are common. It is 
Manuscript received May 12, 1952. This paper, pre hoped, in the present discussion, to indicate reasons 
red for delivery before the Montreal Meeting, October 26 
‘0 0, 1952, is taken from a thesis presented to the Graduate 


for these differences. 


College, University of Llinois, in partial fulfillment of the ELECTRODE POTENTIALS 
julrements for the degree of Doctor of Philosophy. 
Present address: Department of Chemistry, The Prin- 
pia College, Elsah, Illinois. ently large relative to rate of deposition that concen- 
Uverpotential is used here in the ordinary sense, tration overpotentials do not affect the possibility 
iamely, the difference between equilibrium potential with 


Ordinarily, concentration of metal ions is suffici- 


; of deposition. Activation overpotentials influence 
ho current flowing and the actual potential observed experi diy nt ans 
menial . aa oe neente only rate and current efficiency. The equilibrium 
mentally when metal (or hydrogen) is being deposited. For . : 


‘discussion of experimental methods and interpretations, potential, which is decisive, expresses relative free 


vee Reference (2). When overpotentials due to ohmic re- energies of ionic and metallic states of the metal. 
‘istanee and concentration effects are removed either ex In other words, electrode potential is determined by 
lly or by calculation, the re maining overpotential difference between free energy of interaction of a 

's regarced as due to activation requirements for the cath ; . ; ’ ™ 
odin ‘ai ; 4 : metal ion with whatever groups are coordinated 
p ss. It will be clear that overpotentials refer to s ie hati 1th fi 3 : 4] 
Kinetic. feets, while equilibrium potentials refer to thermo- with it in solution, and that of ion interaction with 

‘ynam) relationships. electrons of the metallic phase of the electrode. 
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According to Butler (3), the difference Q in free 
energy between these states is measured by the 
sublimation energy, x, equivalent to the lattice 
energy of the metallic crystals, the sum of the 
appropriate ionization energies, =I, and the coordina- 
tion energy, 'V (which is usually simply hydration 
energy of the ion) :* 


e=2645 =9 (1) 


where z is the number of electrons involved in the 
electrode reaction. The applicability of equation (1) 
has recently been corroborated (5, 2). 

For ions of alkali and alkaline earth metals, 
hydration energies (4) are very nearly equal to 
ionization energies. This has been regarded (6-8) as 
indicating that hydration in effect restores electrons 
removed in ionization. For these metals, therefore, 
electrode potential depends mainly on lattice or 
sublimation energy. 

For transition metals, however, hydration energies 
ure not as large as ionization energies; that is, 
coordination with water does not stabilize these ions 
as fully as those of alkali metals. Moreover, sub- 
limation energies are high. Accordingly, electrode 
potentials are more positive than those of alkalies, 
so that in many cases electrodeposition of metal is 
favored over that of hydrogen. With zinc, sub- 
limation energy is low, and the lectrode potential 
is quite negative, even though the ionic state is 
relatively unstable. Hydrogen would be discharged 
preferentially were it not for its exceptionally high 
overvoltage on zinc. 


ELECTRON CONFIGURATION AND STABILITY® OF 
Comp.Lex Ions 


Considering only “‘simple,”’ aquated ions, energies 
of hydration, W, change but little through the 
transition series. Sublimation energies, x, do not 
vary significantly. However, because ionization 
potentials increase, relative instabilities, Z1-W, rise. 
Consequently, electrode potentials become more 


‘This equation evidently suffers from two difficulties. 
It neglects entropy effects, which are certainly important. 
Furthermore, 2 is obtained as a relatively small difference 
between two large quantities, one of which, W, can only be 
determined indirectly (4) and with uncertainties which are 
often as large as 2. In view of this, the agreement of 2 with 
electrode potentials as indicated by Piontelli (2) is surpris- 
ingly good. For purposes of this discussion, the point to be 
observed is the importance of coordination energy, W, in 
determining electrode potentials. 

5 Stability is used to indicate an energy relationship 
relative to the metallic state. Stability is often taken to re 
fer to tendency to be transformed to the aquated or ‘“‘sim- 
ple’’ ion. As is shown shortly, such thermodynamic stability 
is not necessarily directly related to the stability considered 


here 
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positive, until with chromium, meta] POSit ion 
competes with hydrogen discharge. Meta] ‘DOsition 
is increasingly favored on through the seri-s yngi at 
copper cathode current efficiency reaches (09% 

With cyano complexes, the same tren jg seo 
Great stability of these complexes is expressed by 
high values for W. Consequently, electrode otentials 
are more negative than with aquo complexes, ay 
not until copper is reached do they become suff. 
ciently positive for metal deposition. 


Thus, iron, which is deposited with some eay 
from hexaquo ion in sulfate baths, is not deposited 
from hexacyano ion. A study of a number of sue) 
series indicates that there is a shift in bond tyy 
when deposition becomes possible. In the case oj 
iron, bonds in the cyano complex involve stab) 
octahedral d*sp* hybridized orbitals (9), while thos 
of the aquo complex involve much less stable sp 
orbitals (10). 

Since the cuprous ion has a full complement of 3 
electrons, d orbitals can be made available for hy. 
bridization only by unpairing and promotion 
electrons. As energy is not available for this proces: 
only less stable orbitals are employed. Consequent| 
coordination energy is low, the electrode potenti: 
is more positive than that of preceding metals, and 
electrodeposition of copper occurs from cyano jo 

Likewise with aquo complexes, electrodepositio: 
occurs only from ions not involving hybridized 3y 
orbitals. 

Taube (10) designates such complexes as “outer 
orbital,”’ while those in which d orbitals are hy 
bridized with s and p orbitals of the next higher 
principal quantum number group are termed “inner 
orbital.”” Thus, iron is deposited readily from aqu 
and chloro complexes, which have outer orbita 
configurations, but not from cyano or o-phenanthro 
lino ions, which are of the inner type. Cadmium 
which does not form inner orbital complexes becaus 
4d orbitals are full, is deposited readily from cyano 
and o-phenanthrolino (11) complexes as well as from 
aquo and chloro ions. 

From Table I it is evident that distinction between 
inner and outer orbital complexes is of fundament: 
importance in determining whether a metal can ! 
electrodeposited from aqueous solution. Since in 


orbitals represent lower energy levels than oute' 
orbitals, inner orbital hybridization represents ! 
configuration of greater energy of coordination, 
sulting in a metal complex which is more difficult 
discharge than hydrogen ion (12). 

According to Taube (10), a similar distinction 
seen in lability of complex ions toward substitutie! 
of coordinated groups by new groups. With oute! 


orbital complexes, substitution is ordinarily complet’ 
within a few minutes; with many inner orbital 
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TALE L. Classification of metal complex ions according 
ic structure and character of electrodeposition from 


futrons. 


Inner Orbital Complexes 
Vo de is obtained: All complexes of Ti, Zr, Hf, V, Nb, Ta; 
most complexes of Cr, Mo, W; eyano complexes of Mn, 
He. Co, Ni, Ru, Rh, Pd, Os, Ir, Pt; o-phenanthrolino com 
plexes of Fe, Co, Ni, Cu, Rh, Ir, and other platinum 


metals; a,@’-bipyridino complexes of Fe, Co, Ni, Rh, Lr, 
ind other platinum metals. 
Depo obtained only as amalgams: Tetracyano nickelate. 
Deposits obtained at low current efficiencies and high activa 


‘ion overpotentials: Many complexes of the platinum 


Deposits obtained at high current efficiencies and low activa 


or erpolentials: None. 


Outer Orbital Complexes 


\o deposits obtained: Al, Be, Mg 

Deposits obtained as amalgams only: Alkali metals, Ca, Sr, 
Ba: probably Se, Y, lanthanide metals. 

Deposits obtained only at low current efficiencies and high 
on lion overpote ntials: None 

Deposits obtained at high current efficiencies and low activa 
tion overpote ntials: Aquo and chloro complexes of Mn, 
Fe (II), Co (II), Ni, Cu (11), Zn, Cd, Hg, Ga, In, TI, 
‘», Sn; pyrophosphate complexes of Cu, Zn, Cd, Sn; am 
mino complexes of Ni, Cu, Ag, Zn, Cd; o-phenanthrolino 
complexes of Zn and Cd; thiosulfate complexes of Cu and 
\g; iodo complexes of Ag, Cd, and Hg; thiostannate; 
cyano complexes of Cu, Ag, Au, Zn, Cd, Hg, TI, and In; 
hydroxo complexes of Zn and Sn; and others 


Current efficiencies are considered high, for the pur 

ses of this table, if they exceed about 50%. 

2. Activation overpotentials are considered low, for the 
urposes of this table, if they are markedly less than those 
ommonly observed (2) with the transition metals and the 
platinum group in general, if they are less than about 0.05 

Certain entries in the table are based on experimental 
rk by the author to be described in a later paper. 

1. Deposition from certain ions, such as Cr(III]) and 
Co(IIl), although it may appear to occur from an inner 
orbital complex, actually takes place from a lower valence 
state. Details of such cases are discussed below. 


complexes, substitution requires several hours. 
However, inner orbital complexes are labile in sub- 
stitution reactions if unoccupied inner d orbitals 
remain after d°sp® hybridization. Taube attributes 
this last type of lability to the possibility of using 
vacant d orbitals to form activated addition com- 
plexes with coordination number of seven as inter- 
mediates in the substitution process |cf. (13)]. Since 
reduction to metal requires removal of coordinated 
groups, such an addition mechanism is unlikely to 
laciiiiate deposition; accordingly, this type of sub- 
stitutionally labile complex is unsuitable for electro- 
deposition. 


I contrast, lower stability of outer orbital hy- 
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bridization favors dissociation, an essential step in 
electrodeposition. With such complexes, Taube 
supposes that substitution proceeds by a dissociation 
mechanism. Similarly, it is likely that dissociation 
of one or more coordinated groups is the first step 
in electrodeposition. 


DEPOSITION FROM LOWER CooRDINATE IONS 


Metals of the copper and zine groups, which are 
deposited with current efficiencies of 100% under 
suitable conditions, have coordination numbers 
usually not exceeding four. For tetrahedral ions, 
such as zinc, cadmium, and mercuric, hybridization 
is outer orbital sp*. Taube considers substitution 
in these ions to occur by an addition mechanism, 
using outer d orbitals. However, since me'‘al dep- 
osition proceeds readily, it is likely that dissociation 
requires little energy, in accordance with the type of 
hybridization. 

Furthermore, existence of dicyano and tricyano 
ions in equilibrium with tetracyano ions (14) sug- 
gests that dissociation is very easy.® The tricyano 
cuprate(1) ion is present in solutions of tetracyano 
cuprate (14), and copper is deposited at 100% cur- 
rent efficiency if the formal cyanide concentration is 
so limited that a substantial fraction of copper must 
be in tricyano form. With silver, only dicyano and 
tricyano complexes are known; and with gold(1), 
only the dicyano. As these ions are outer orbital 
hybrids, dissociation to a species of lower coordina- 
tion number would require little energy. 

Although relatively high activation overpotentials 
have been reported for deposition from these ions, 
these potentials are in reality due to concentration 
effects (18), for they are very highly dependent on 
the ratio of metal ion concentration to total evanide 
concentration. Glasstone (18) found the activation 
overpotentials too low to be measured, and postu- 
lates such ions as [CueCN]}*, [CusCN]**, [AgeCN 
and |Ag;CN]** as intermediates in deposition. 





+ 
, 


Evidence for such ions is found in the high solubility 
of silver cyanide in solutions of silver nitrate, exist- 
ence of solid 2AgNO;-AgCN, and transport evidence 
for [AgeI|* and [Ag;I}** (19). Moreover, such ions 
would not be repelled by negative cathode charge. 

Exceptionally low thermodynamic dissociation 
constants of cyano complexes of copper, silver, and 
gold reflect high stability relative to formation of 


® The ions might be partially hydrated so as to retain the 
coordination number of four. However, the thermodynamic 
dissociation constant of tetracyano ion into tetraquo ion 
and four cyanide ions is 2 X 107% (15). This exceedingly low 
value indicates that water does not compete effectively 
with cyanide ion for positions in the coordination sphere. 
Furthermore, solid salts of the di- and tricyano ions have 
been obtained, with lower coordination numbers (16, 17). 
For these reasons, partial aquation does not seem probable. 
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aquo complexes, even though dissociation in the 
sense of loss of a cyano group with consequent 
lowering of coordination number evidently demands 
little energy. Low thermodynamic dissociation 
constants do not always correspond to low substitu- 
tional lability (10, 13). However, inner orbital com- 
plexes, which are so stable that the equilibrium 
concentration of ‘free’? metal ion or aquo complex 
is experimentally inappreciable, do not undergo rapid 
substitutions. 

According to Taube (10), the dsp* structure of 
coplanar tetracovalent ions suggests that substitu- 
tion reactions will be rapid because a relatively 
stable p orbital is available to form an addition 
intermediate. This, however, would not facilitate 
electrodeposition, and since an inner d orbital is 
involved, the stability is too high to favor dissocia- 
tion. Accordingly, although the tetracyano nickelate 
ion is particularly labile in substitution reactions, it 
furnishes only thin “flash” deposits in electroplating 
(20, 21). 

However, deposition proceeds at high efficiencies 
and low activation overpotentials from aquo and 
cyano complexes of zinc and cadmium. This is to be 
expected from their outer orbital configurations. 
Platinum and palladium are deposited, though with 
difficulty, from square coplanar ions; yet it is clear 
that tetrahedral structure is far more favorable for 
electrodeposition than square configuration, on ac- 
count of lesser stability of outer orbital hybridization. 

CHANGE OF OXIDATION STATE 

The ferrocyanide ion is not electrolytically reduced 
to metal in aqueous solutions, yet the ferrocyanide- 
ferricyanide couple is reversible (22). Hence activa- 
tion for oxidation and reduction is low. Even though 
the ions have inner orbital configurations, little 
activation is needed for reaction (23), for no essential 
change in configuration occurs. Similar reversibility 
is observed for iron complexes of o-phenanthrolino 
and a,a’-bipyridine (22), which also have inner 
orbital structures, and others (24-33). Besides these, 
there are many reversible couples of outer orbital 
complexes for which no important change in con- 
figuration appears probable, as ferric-ferrous, thallic- 
thallous, ceric-cerous (34), copper complexes of 
ammonia and of citrate (35), and chromic-chromous 
(36). 

But, because the ions in each pair differ in struc- 
ture, change of configuration is necessary with the 
following irreversible couples (37): stannic-stannous, 
plumbate-plumbite, arsenate-arsenite (acid solution), 
tetracyano nickelate(IT)-tricyano nickelate(I), chro- 
mate-chromic, vanadyl-vanadate, and others (38). 

Evidently transfer of electrons between ion and 
electrode requires little activation (even where two 
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electrons are involved, as with thallium) ynle« 
change of configuration occurs (23). 

ELECTRODEPOSITION OF METALS 
Chromium.——Although its hexaquo(II]) on ha 
an inner orbital configuration, chromium is deposited 


from chromic sulfate baths (39). Low cathode 
efficiencies, often less than 50%, and high XV ger 
content of the deposit (1l-4% as chromic oxide 
indicate that reduction is difficult. 

The presence of chromous ions is vital (49 
Reduction to the chromous state is reversible o) 
nearly so (36). At the dropping mercury electrode. 
reduction to metal proceeds through this state (4) 
Electrodeposition from the chromic bath is very 
similar to that from the chromous bath (40). |; 
appears, therefore, that configuration of the chro- 
mous complex is decisive. 

As with other complexes having four inner / 
orbitals occupied by single electrons, the configura 
tion is uncertain and even the coordination number 
is unknown (10). Magnetic moment measurements 
indicate four unpaired electrons. In view of reversi- 
bility of the chromic-chromous couple (36), it may 
be supposed that d*sp* hybridization is preserved, 
with the fourth electron in a 4d orbital. This corre 
sponds to susceptibility of chromous ion to oxidation 
but offers no explanation of deposition. It may be 
that the equilibrium concentration of a more favor 
able configuration of nearly equal energy is sufficient 
to facilitate electrodeposition. 

Furthermore, chromic complexes show somewhat 
greater substitutional lability than is predicted by 
Taube’s classification, indicating that the ion ts 
near the arbitrary border line. This fact likewis 
suggests the presence of a less stable configuration 

Chromium is also deposited from the hexavalent 
state in chromic acid baths in presence of a critica 
concentration of an anion such as sulfate or fluo- 
silicate, usually regarded as a catalyst. At best, th 
range of temperature and current density for depos! 
tion is sharply restricted. The cathode efficiency 's 
generally less than 15%, and the deposit contats 
large amounts of hydrogen (42) ard oxygen (48 
Chromic ion is produced during deposition. More- 
over, chromate ion is reduced to chromic both 
electrolytically (44) and by cathodic hydrogen (42 
It has been shown that radioactive chromic 10! 
added to the bath is not reduced to metal, suggesting 
that it does not participate in the electrode proces 
(45). It is possible that access to the cathode may b 
denied by a barrier film (46). Both chromic and 
chromous states are probably involved in reduction, 
just as at the dropping mercury cathode (47 


Molybdenum and tungsten.—From molybdate até 
tungstate ions, which are of inner orbital typ the 












legs 


metals save been deposited as alloys with iron and 
other metals. The difficulty in depositing pure 
metals »s attributed to hydrogen overvoltage effects 
ig), Metal deposition with cathode efficiencies of 
about 2% has been reported (49, 50), but deposition 
-egses after thin films are obtained, and the purity 
apparently was not examined; reduction was con- 
dered to be effected by cathodic hydrogen rather 
than electrolytically. Tungsten (51), but not 
molybdenum (52), is deposited at the dropping 
mercury cathode. 

Cobalt. Aquo cobalt(11) complexes are readily 
reduced to metal at the cathode, although with 
onsiderable activation overpotential. Reduction is 
iso irreversible at the dropping mercury electrode. 
fhe chemical resemblance of cobalt(II1) to chro- 
mium(II1) complexes extends to electrodeposition 
33). Cathode efficiencies are generally below 5% 
and many deposits are powdery. Such deposits con- 
tain considerable quantities of hydrogen and oxygen, 
suppos*dly as basic material,’ and this indicates 
rreversible reduction. 

Electronic configurations of cobaltic complexes, 
vhich have a special resemblance to their chromic 
ounterparts (9), are of the inner orbital type. It 
s probable that deposition proceeds through the 

ibaltous state as at the dropping mercury electrode 

4), with a change to outer orbital sp*d? hybridiza- 
tion. Reduction of hexammino cobalt(III) ion in- 
olves aquation of the cobalt(II) ion, since the 
mmino cobalt(II) ion is unstable (54); pronounced 
rreversibility of reduction is therefore to be ex- 
pected.* 

\ccording to Taube (10), the hexaquo cobalt (IIT) 
on is more labile in substitution reactions than the 
corresponding ammino ion. Both are diamagnetic, 
but the paramagnetic state with sp*d® hybridization 
s only slightly above the ground state in energy. 
The hexafluoro ion is paramagnetic (9, 55). As water 
s intermediate in polarizability between fluoride ion 
and ammonia, the diamagnetic state is not stabilized 
us much in these ions as in the ammine; Taube 
considers that there is a sufficient amount in the 
paramagnetic state to account for lability. 

This circumstance would be expected to favor 
electroreduction of the hexaquo cobalt(III) ion, but 
observation of this effect would be difficult because 
the ion is rapidly reduced by water. In deposition 
lrom hexammino ion, cobaltous ions doubtless are 


Considerations to be presented later suggest that this 


IS pr bly water. 
*M W. Grieb of the University of Illinois has found that 
reduction is reversible in the presence of excess ethylene 


‘iamiie which stabilizes cobalt(II) against aquation. The 


sign nee of this observation will be discussed in a later 


Dupe 
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reduced to metal about as rapidly as they are pro- 
duced from the stable cobaltic state. Relatively high 
pH of the bath favors production of powdery de- 
posits through partial precipitation of hydroxide or 
basic salts. When ethylenediamine is present these 
deposits are not powdery, but smooth and metallic 
because of stability of the chelate (53). 

Nickel.—In 6-covalent nickel complexes, hybridi- 
zation is either sp*d?, with two unpaired electrons in 
3d orbitals, as indicated by magnetic studies, or 
alternatively, d’sp*, with the single electrons in 4d 
orbitals (10). On the basis of substitutional lability, 
Taube indicates that the first, or outer orbital con- 
figuration, represents hexammino and tris-(ethyl- 
enediamino) ions. From both, satisfactory electro- 
deposits are obtained at current efficiencies of 
around 90% and with high activation overpoten- 
tials.’ The bipyridine complex is of the inner orbital 
type, and deposits are not obtained from it. Anal- 
ogous to the ammine, the hexaquo complex is of the 
outer orbital type, and accounts for deposition from 
ordinary sulfate baths. 

The cyano complex of nickel has a square, coplanar 
configuration, and hybridization is inner orbital 
dsp* (10). At a solid cathode, deposition is limited to 
a flash plate (21). As soon as the cathode is covered 
with nickel, the complex is reduced only to tri- 
eyano nickelate(1) ion (20). The change in con- 
figuration accounts for irreversibility of this reduc- 
tion. Due to high hydrogen overvoltage of mercury, 
compared with that of nickel, cyano complex is 
reduced to the amalgam at the dropping mercury 
cathode, but reduction is highly irreversible (56). 
t-Covalent nickel complexes are both diamagnetic 
and paramagnetic (57). The latter should permit 
electrodeposition.'® While there is no direct evidence 
that paramagnetic complexes are tetrahedral, such 
configuration is very likely (58). The alternative 
explanation, that bonds are largely ionic with square 
configuration (59), also suggests that electrodeposi- 
tion is possible. 

Iron and manganese.—Iron and manganese (60) 
are deposited from aquo complexes with outer 
orbital configurations. Activation overpotentials are 
high. In aqueous solutions, complexes with inner 
orbital coordination, such as cyano compounds, are 
not reduced to metals. An exception is manganese, 
which is deposited at the dropping mercury cathode 
from hexacyano ion because of higher hydrogen 
overvoltage of mercury (61). Since iron is nearly 


® When the current efficiency drops below 100%, the 
activation overpotential is high. Low overpotentials have 
not been observed for nickel, even when current efficiency 
was 100%, within experimental error. 

‘© Experimental studies of electrodeposition from these 
complexes will be reported later. 
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insoluble in mercury, it is not deposited from cyano 
complex. 

Technetium (62) and rhenium (63) have been 
deposited, but the character of the processes has not 
been reported. 

Platinum metals.—In ions of platinum metals, 
inner orbitals are available without electron promo- 
tion, and all complexes are presumably of inner 
orbital type, with configurations which are either 
square planar dsp* or octahedral d?sp* (64). Neverthe- 
less, deposits of all the metals are obtained, although 
with low cathode efficiencies, often less than 10%. 

The metals are of exceptional stability, as is 
evidenced by high densities and melting points. 
Heats of sublimation must be very high; for platinum 
an estimate of 4.86 ev is given (65). On this account, 
is more positive than would be expected from 
stability of the complexes alone, thereby making 
electrodeposition possible. 

In conformity with their inner orbital configura- 
tions, the octahedral complexes are not labile in 
substitution reactions (10). In no other instance is 
electrodeposition possible with substitutionally inert 
ions unless they pass through a labile lower oxidation 
state. With platinum metals, high sublimation 
energy appears to be decisive. 

Oxidation potentials of various ion-metal couples 
are generally more positive than that of hydrogen by 
an amount sufficient to make deposition possible 
even if hydrogen overvoltages are ignored (66). As a 
direct result of inner orbital stabilities, dissociation 
and subsequent reductions are slow and take place 
at low current efficiencies and high overpotentials. 

Even high sublimation energies are not enough to 
make deposition possible from the very stable cyano 
complexes, with the possible exeeption of those of 
palladium (67, 68) for which the cathode efficiency is 
less than 1%. However, reduction of cyano com- 
plexes to lower oxidation states is reported for all 
platinum metals. 

Platinum is deposited from divalent chloro, nitro, 
ammino, phosphato, and hydroxo complexes. Dep- 
osition from platinum(IV) complexes proceeds 
through the divalent state. Calculations indicating 
high efficiencies are probably in error because of the 
presence of lower oxidation states (69). At the drop- 
ping mercury electrode, platinum catalyzes hydrogen 
evolution (70) and is not deposited under usual 
circumstances (68, 71). 

The platinum black used in potentiometry is a 
typical powdery deposit. It is obtained from inner 
orbital hexachloroplatinate(I[V) ion through the 
tetrachloroplatinate(II) state (72). The latter ion 
is also inner orbital type, like all platinum complexes, 
but it is thermodynamically unstable, dispropor- 
tionating to give the metal and platinum (IV) ion 


/ 1954 
(73), which sometimes produces colloidal ; tal jy 
the bath (74), and accounts for the powder) rm of 


the deposit. This disproportionation of a: inne, 
orbital complex reflects exceptional Stability of the 
metallic state. However, electrolysis is apparently 
predominant in deposition (71). ' 

Electrodeposition of palladium is closely similar 
The tetrachloropalladate(I1) ion, although somewha; 
more stable than the corresponding platinum com. 
plex, is rapidly reduced in the cold by hydrogen (75 
It is reported that palladium is deposited at the 
dropping mercury electrode (68). 

In electrodeposition, ruthenium, osmium, and 
iridium are similar to platinum. However, the actua! 
oxidation state from which deposition occurs js 
uncertain, and configurations are octahedra! rathe; 
than square. The metals are not deposited at the 
dropping mercury cathode (68). 

Rhodium is deposited with comparably low cur 
rent efficiencies, from trivalent complexes similar to 
those suitable for platinum. It is also deposited from 
pPhosphato and oxalato complexes, and from the 
aquo complex in sulfate, fluoborate, and perchlorat: 
solutions with somewhat higher current efficiencies 
(76). Moreover, rhodium is deposited at the dropping 
mercury electrode (77). 

Titanium Gnd vanadium group metals.— As ious 
of the titanium and vanadium groups have several 
unoceupied d orbitals, their complexes are inne! 
orbital. Consequently, deposition of the metals from 
aqueous solution is not to be expected. The ‘‘simple” 
ions are hexaquo complexes which are too stable to 
undergo reduction before hydrogen is discharged 
Efforts to deposit the metals on solid or mercury 
cathodes have been unsuccessful (78). 

Alkali and alkaline earth metals.—<As alread) 
discussed, the negative potentials of alkali and alka 
line earth metals result from low stability of th 
metallic state. Accordingly, the metals are not 
deposited except as alloys, particularly as the ama! 
gams. In obtaining 2, sublimation energy x must li 
replaced by energy of amalgamation. This makes tli 
electrode potential sufficiently positive to perm! 
deposition (79). There is, of course, no possibility 0! 
inner orbital complexes; consequently depositio! 
proceeds with very low activation overpotentials 
(80). 

Scandium, yttrium, and the lanthanides.— Like th 
alkali and alkaline earth metals, lanthanides ar 
deposited from aqueous solutions as amalgams (5! , 
although the process is unsatisfactory on account 0! 
heavy precipitation of basic salts on mercury surface 
Better results are obtained with aleohol solutions, 
owing partly to lower stabilities of the alcoholates 
Aquo complexes have outer orbital configuration 
Although yttrium is especially difficult to depos't, !! 
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. reported that scandium is reduced at the dropping 
mercury electrode (82). With these metals, polaro- 
waphic reduction is irreversible (83) and may 
represent only hydrogen evolution (84). Hydrolysis 
counts both for irreversibility and poor current 
efficiencies. 

Oxidation and reduction between valences of two 
and three for europium and ytterbium are reversible 
processes (85), no change in configuration being 
nvolved. 

Copper and zinc group metals——Metals of the 
opper and zine groups contrast sharply with 
platinum metals in depositing readily at high current 
efficiencies and low activation overpotentials. The 
ontrast is somewhat less marked with iron, cobalt, 
nd nickel. This difference is explained by filling of 
the d orbitals, so that only outer orbital complexes 
we formed. Furthermore, hydrogen overvoltage is 
high for these metals, and the complexes dissociate 
readily, offering little kinetic resistance to deposition. 

Electrodeposition from cyano complexes has 
ready been discussed. Because the coordination of 
vater is weaker than that of cyanide, deposition 
irom aquo complexes proceeds at high efficiencies and 
ow activation overpotentials even at very high 
curren! densities. 

Con » -xes of zine, cadmium, and mercury(II) are 
tetrahedral. Deposition from the aquo, ammino, 
vano, hydroxo (zineate), and pyrophosphato com- 
plexes of zine is essentially the same process and can 
occur at 100% current efficiency under suitable 
conditions. 

Metal is deposited from dicovalent aquo and 
immino complexes of silver at substantially 100% 
urrent efficiencies. Similar results are obtained with 
omplex iodides and thiosulfates. 

The tetrachloroaurate(III) ion is square planar 
vith inner orbital dsp? hybridization. At the cathode 
| is reduced to the unstable dichloroaurate(1) ion 
\i) which may decompose spontaneously to gold 
7), although deposition appears to be largely 
electrolytic. The reduction to gold, therefore, occurs 
rom an outer orbital state. 

Copper is deposited at approximately 100% cur- 
tent efficiencies from tetraquo and tetrammino 
copper(II) complexes, which are square planar and 
therefore have been presumed to be of inner orbital 
dsp* configuration. With the ammino ion, reduction 
proceeds through the cuprous state (88), which is 
necessarily of outer orbital type. A two-stage reduc- 
lion is also observed with chloro, thiocyanato, and 
pyridino ions. With the aquo complex, however, 
there is no indication of cuprous state at the dropping 
mercury eathode (88), yet reduction occurs with low 
“tivation overpotentials and at substantially 100% 
current efficiency. This is not in accord with inner 


orbital hybridization. Furthermore, the cupric ion 
forms a series of complexes cc itaining from one to 
five ammino groups (89), with at least two species 
coexisting in considerable amounts in solution. Al- 
though equilibria indicate that the 4-coordinate ion 
is the most stable of the series, it does not show the 
exceptional stability expected for dsp* hybridization. 
Moreover, the 5-coordinate form could not have 
inner orbital configuration. 

Magnetic moment studies (90) suggest that aquo, 
ammino, and certain other cupric complexes do not 
have inner orbital hybridization. Thus, chelate diam- 
mino complexes, which are reduced to metal in one 
step at the dropping mercury cathode (91), appear 
to have outer spd? hybridization." 

Furthermore, reversibility of the first stage of 
reduction of the ammino ion (88) indicates that no 
fundamental change in configuration occurs. Since 
the cuprous complex is not inner orbital, and since 
it is diamagnetic and has no vacant d orbital for 
hybridization, it follows that the cupric complex 
also is outer orbital. Thus, reversible two-electron 
reduction of diammines is accounted for, and since 
the aquo complex is similar except for weaker coor- 
dination of water, single step reduction of the aquo 
complex is also explained. Two steps in reduction 
are observed only in the presence of a coordinated 
group which will sufficiently stabilize the cuprous 
state (38). 

As there is no direct evidence for the exact value of 
the coordination number of aquo complexes in 
solution, it is customary to assume that it is the same 
as is observed in the crystalline state. Usually this 
agrees with the number for the most stable ammino 
ion and for other typical complexes in solution (92). 
For inner orbital complexes, this is very probably 
correct, considering the special stability of this 
configuration. For outer orbital ions, it is required 
only that dissociation occur with sufficient ease to 
allow electrodeposition. It is, therefore, the type of 
bonding rather than the coordination number which 
is decisive. 

Gallium, indium, and thallium.—The deposition of 
thallium (93, 94) proceeds with little activation 
overpotential in accordance with the outer orbital 
configuration. Gallium, however, is reduced irrever- 
sibly at the dropping mercury cathode (95). This 
irreversibility is due to binding of the ions, to 
greater or less degree, in colloidal sol formation by 
hydrolysis (96). It is therefore expected that current 
efficiencies at solid cathodes will be less than 100% 
(97). 

Indium is deposited at low efficiencies from both 
cyanide and sulfate solutions (98). Moreover, the 

't An experimental study of electrodeposition from cop- 
per complexes will be reported later. 














370 JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


aquo complex is reduced irreversibly at the dropping 
mercury cathode (99). Hydrolysis (100) evidently 
prevents reversible reduction. In the presence of 
chloride ion, reduction becomes reversible at the 
mercury (101), probably because the 
stable chloro complex is less readily hydrolyzed than 
the aquated ion. It is likely that deposition at a 
solid cathode will show high efficiencies from chloride 
baths. 


cathode 


From acidified stan- 
nous sulfate baths, tin is deposited at high current 


Germanium, tin, and lead. 


efficiencies and low overpotentials which suggest 
reversibility. However, reduction is irreversible at the 
dropping mercury electrode unless chloride is present 
(101). The irreversibility is ascribed to hydrolysis of 
the aquo ion in less acid solutions, just as with 
gallium and indium. 

Reduction of aquated stannic ion is too irreversible 
to be effected at the dropping mercury cathode 
(102). 


to the tetrachloro tin(I]) complex, from which 


The hexachloro ion is reduced irreversibly 


reduction to the amalgam is reversible. Irreversi- 
bility of the first step is accounted for by change from 
octahedral to tetrahedral while 


reversibility of the second step is in accord with 


configuration, 


outer orbital configuration of the ion. 

Tin is deposited at high efficiencies from stannite 
ion (103), but as this ion disproportionates spon- 
taneously into tin and stannate (104), the deposits 
are usually powdery. Better deposits are obtained 
from the hexahydroxo stannate(IV) ion in stannate 
bath. Deposition proceeds through the tin(II) state, 
and the attendant change in configuration accounts 
for low cathode efficiency. The first step is irrever- 
sible, the second reversible. Stannite ions are re- 
duced as fast as they are formed and do not accumu- 
late in the bath sufficiently to produce a powdery 
deposit. At the dropping mercury electrode, reduc- 
tion follows the same course through the stannous 
state (102). 

Irreversibility of reduction from tartrate solutions 
(105) is probably the result of hydrolysis; irreversi- 
bility of oxidation to the stannic state is associated 
with change in configuration. 

Lead is deposited from fluoborate, perchlorate, 
sulfamate, and other baths with high current effi 
ciencies and jow activation overpotentials. Reduc- 
tion is reversible also at the dropping mercury 
cathode (106). Biplumbite ion is reduced reversibly. 

Germanium is deposited from sulfate and also 
from germanate baths (107). Although current 
efficiencies were not reported, reduction is probably 
highly irreversible on account of hydrolysis. 
bismuth.—Arsenic is 


Arsenic, antimony, and 


deposited from solutions of sodium arsenite or 


thioarsenite (108), but current efficiencies are not 
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reported. At the dropping mercury elect: 4 


C, ar- 
senious acid in the presence of hydrochlor 


acid js 
reduced to the metal and arsine (109), but ay i 
not when other acids (110) or neutral solui ong gy 
used. Reduction is irreversible because of hy: ‘rolysis 
Arsenate ion is not reduced at the dropping iereyr 


cathode. 

Antimony is deposited from a number of baths. 9) 
which the fluoride is said to be best (111). Activatio, 
overpotentials are high except in halide baths (119 
because the metal is bound in hydrolysis products 
“Explosive antimony” containing 10 to 15% halide 
(113) is produced at current densities too high fo; 
reversible deposition. 

Bismuth is readily deposited (114) at very Joy 
activation overpotentials from chloride baths, by 
with somewhat higher polarization from. sulfa 
solutions (115). It should be mentioned that good 
deposits are obtained from perchlorate baths. 

Irreversible deposition from most salts of thes 
metals suggests that oxo or hydroxo complexes an 
polymerized, just as with gallium (96). It has bee: 
found that bismuth exists as tetrabismuthy| ion 
(Bi,O,)**, in all but highly acid solutions (55). Sine 
arsenic and antimony are more strongly hydrolyzed, 
the tendency to polymerize is greater. Thus, irr 
versible deposition is to be expected, even though 
electronic configurations are outer orbital in type 
The chloro complexes are more stable and hydrolyx 
less extensively. It has been stated that appreciabl 
concentrations of ‘free’? unhydrolyzed ions exist 
because metal can be deposited from the solutions 
(116). This conclusion is unjustified, for depositio: 
probably proceeds directly from the chloro complex 


Disct SSLON 


From the foregoing, it appears that metals cannot 
be electrodeposited from aqueous solutions if equ 
librium of the deposition reaction lies so far on th 
ionic side that electrode potential is more negativ 
than hydrogen discharge potential. This occurs if: (a 
stability of the metallic state is low, as with alkalies 
or (b) the ionic state is especially stabilized by inet 
orbital hybridization (unless this is counterbalanced 
by exceptional stability of the metallic state). 

Lron, cobalt, and nickel, although their aquo com 
plexes are of outer orbital configuration (10), ar 
deposited with pronounced activation overpote! 
tials, and with lower current efficiencies than coppe! 
and zine. Furthermore, they are reduced irreversibly 
at the dropping mercury cathode. In general, electro 
deposition from hexaquo ions appears to be irrevers 
ible. Since 4-coordinated complexes are also well 
known for those metals, it might be postulated that 
electrodeposition proceeds through the tetraquo 10! 


and the attendant change in configuration accounts 








for ire 
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rsibility. This point is to be discussed fur- 
future paper. 

cordingly, irreversibility of electrode reactions 
explained by: (a) alteration of electronic configura- 


‘on in change of oxidation state; (b) limited availa- 
vility of the metal ion because it is bound in hydro- 


ved polymeric aggregates; or (c) kinetic hindrances 
sociated with deposition from complexes of the 


rransition metals. 


Electrolytic Classification of Metals 


Qn the basis of behavior in electrode systems, 
Piontelli (6) divides metals into three classes. 

Vormal metals are those which: (a) quickly estab- 
sh stable potentials when immersed in solutions of 


‘heir salts, with little influence by previous treatment 


{ the electrode metal; (b) are electrodeposited with 
activation overpotentials, which are roughly 


equal at anode and cathode; (c) give cathode deposits 


vith well-developed, relatively large crystals, not 
readily affeeted by addition agents in the bath (117); 
!) are deposited with high current efficiencies, often 
ose to 100%; 
nosition in the electromotive series and behavior in 


(e) show good correlation between 


lisplacement reactions; (f) are deposited reversibly 
t the dropping mercury cathode; and (g) have high 
hydrogen overvoltages. 
/nert metals are those which: (a) show potentials 
hich fluetuate widely in solutions of their salts, and 
re determined in part or entirely by reactions other 
than ionization of the metal; (b) are deposited with 
gh activation overpotentials for the cathode reac- 
on, and usually for the anode reaction as well; (c) 
re deposited as fine crystals, readily modified by 
tion of addition agents in the bath, so that it is 
elatively easy to produce a ‘‘bright”’ deposit in tech- 
cal electroplating; (d) are deposited with current 
ficiencies appreciably less than 100%; (e) in dis- 
placement reactions, show more nobility in the me- 


tallic state, and less in the ionic state, than is ex- 


pected from their position in the electromotive series; 
are deposited irreversibly at the dropping mercury 
athode; and (g) have low hydrogen overvoltages. 
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Intermediate metals are those which show charac- 
teristics of both groups. 

Metals with incompletely filled d orbitals are inert, 
as is to be expected since they may form inner orbital 
ions. Metals with filled d orbitals are either normal 
or intermediate. The behavior of copper, silver, gold, 
and zine is so close to normal that they may be con- 
sidered to belong to the normal class. The interme- 
diate behavior of arsenic, antimony, and bismuth 
appears to be a consequence of hydrolysis of the ions. 

When the behavior of amalgam electrodes is con- 
sidered, alkali and alkaline earth metals are assigned 
to the normal class, in accordance with their elec- 
tronic structures. Thus the complete classification 
of Table II is obtained. Normal metals come after 
inert gases and again after platinum metals, which 
have inert gas-like structures. Gallium is termed 
normal on the basis of stable potential of the gallium 
electrode. Germanium is probably intermediate due 
to its tendency to hydrolyze. 


Effects of Anions 


Electrode potentials become more negative when 
the concentration of coordinating species in solution 
increases beyond that needed to form the complex. 
Thus, excess (or ‘‘free’’) cyanide ions lower the cop- 
per potential. This shift is often incorrectly inter- 
preted in terms of repression of dissociation of the 


” 


complex into the “simple”? metal ion (actually the 
aquo complex). The latter is often so exceedingly low 
in concentration that the electrode must be con- 
sidered to respond to the predominant complex. 

If loss of one of the coordinated groups is a con- 
trolling step in the cathode reaction, the presence of 
uncombined groups will shift the equilibrium toward 
the undissociated complex; the complex is made more 
stable, and the electrode potential is therefore more 
negative. In some instances, new complexes of higher 
coordination number will be formed. Moreover, there 
may also be a kinetic effect. 

As the electrode potential becomes more negative, 
there is increased competition of the hydrogen dis- 
charge reaction with the deposition process. This 


TABLE IIL. Electrolytic classification of elements 


H 

He Li Be No deposits 
Ne Na Mg 
\ K Ca Se (Te Cr Mn 
K Rb Sr Y Zr Nb Mo Te 
Xe | Cs Ba La*® | Hf Ta | W_ Re 
Rr Fr Ra Act Inert—no 

Normal deposits 


thanides t Actinides 


Fe 
Ru 
Os 


Inert 


No deposits B C N o.4 F 

Al Si Pp Ss Cl 

Co Ni |Cu Zn Ga|Ge As | Se Br 
Rh Pd Ag Cd In Sn Sb Te I 
Ir Pt Au Hg Tl Pb Bi Po At 
Normal Non 
metals 


Inter 
medi 
ate 
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TABLE ILL. Polarographie Half-Wave Potentials 


[From Reference (94)) 


Substance Supporting electrolyte Ey ane hy C.E —~ "on 
Bismuth 1N HNO —0.01 
IN HCl 0.08 -0.07 
Cad IN KNO.w, HNOsg, or —0. 586 
mium H.SO, 
IN KCl or HCI 0.642 0.056 
IN KI 0.74 0.15 
Lead IV KNO, or HNO 0.405 
IN KCI or HCl 0.435 —0.035 
Zine IN KNO, 1.012 
IN KCl —1.022 0.010 
Cobalt None (CoClL only Irreversi 
ble 
0.1N KCl or NaCl 1.20 More 
positive 
Indium 0.1IN HCIO, 0.95 
0.1N KCl or HCl 0.561 0.39 
0.1N KI 0.53 0.52 
[ron (Il IN NH,CIO, 1.45 
IN KCl or HCl oe 0.15 
Nickel NH,CIO, or KNO Irreversi 
ble 
LAN KC] 1.1 More 
positive 
Tin 2N HCO, Not re 
duced 
2N HCO, 0.5N NaCl -0.35 Large 


positive 


shift 


accounts for the decreased current efficiencies often 
observed. There may be an effect on hydrogen over- 
voltage also. 

Furthermore, halide ions appear to facilitate depo- 
sition of almost every metal (2, 118). At the dropping 
mercury cathode, irreversibility of deposition of tin, 
cobalt, nickel, iron, and indium is either greatly low- 
ered or eliminated by the presence of halide ions. For 
a number of metals, the lowest activation overpo- 
tentials, both anodic and cathodic, are observed in 
chloride and iodide solutions (2). Moreover, in tech- 
nical electroplating, the nickel chloride bath operates 
at higher current densities and higher current 
efficiencies than the sulfate or Watts baths (119), and 
the character of the deposit under favorable condi- 
tions suggests that reduction is more nearly re- 
versible. 

The effect of chloride ion is attributed to forma- 
tion of a chloro or chloro-aquo complex ion. Such 
coordinate bonds are more stable than those of the 





ily 195 
aquo ion; otherwise, of course, the chlo; ompley 


would not be formed. Increased stability  ,jses th 
. ‘ \e 


value of W in the expression for Q, and the sleetro, 
potential becomes more negative. 
Measurements of equilibrium potentias 
this deduction are lacking, but related pol; graphi 
half-wave potentials are given in Table III (94). ‘py, 
predicted negative shift is seen for bismuth 


LO test 


» Cad 


mium, lead, and zinc. As these are normal metals. o 
nearly so, activation overpotentials are smal! and dy 
not mask the shift due to chloride. For the high} 
irreversible reductions of iron, cobalt, and nick 
large decreases in activation overpotentials evident, 
outweigh the effect on equilibrium potentials. Wj) 
tin and indium, the shift is probably due to stabilizs 
tion of the complex with respect to hydrolysis, 

Activation overpotentials are generally influenced 
by anions. In solutions of simple salts, overpotentia|s 
usually increase in the order: iodide, chloride, sulfa, 
fluoborate, sulfamate, nitrate, perchlorate (2). Act 
vation is lower with anions showing stronger tende: 
cies to coordinate. Furthermore, when several! anions 
are present, activation overpotential is determined 
largely by the anion with the strongest coordinatio 
tendency. Thus, addition of chloride ions to th 
solution of a metal sulfate lowers the activation over 
potential to approximately that of a simple chlorid 
solution, whereas addition of sulfate to a chlorid 
solution has little effect. Adding cyanide ions lowers 
activation potentials still further, if the cyano com 
plex is outer orbital. Similar effects of anions ar 
observed in exchange reactions between metals and 
their solvated ions (120, 121). 

For electrodeposition from aqueous solutions, aquo 
complexes generally require greater activation ene! 
gies than do other types, although the former must 
be the least stable or else the others would not ly 
formed in aqueous solutions. This circumstance 1 
sults, of course, from the fact that overpotentials ar 
kinetic, not equilibrium, phenomena. It may be sup 
posed that in the dissociation step the exceeding) 
high activity of water in aqueous solutions affects 
such rapid reassociation that high activation & 
needed to produce sufficient quantities of the mte! 
mediate dissociated complex to allow reduction to 
proceed. Other complexes require less activatio’ 
because the activity of uncoordinated species, suc! 
as chloride or cyanide ions, is relatively low. 

It is unknown whether chloride ions form a pro 
portion of fully chlorinated ions, or whether the aque 
complexes are partly chlorinated, as [M(H,0);C! 
or [M(H.O),Clh], ete. (122). Chloro-aquo complexes 
are probably present in many solutions, They ma) 
require less activation for dissociation and electro 
reduction because of the labilizing effect of chloride 
ion on the aquo group in trans position accord!ig \ 
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he well-known trans effect (123). Reducibility of 
«omplex ions by molecular and atomic hydrogen is 
nereased by this effect (124). According to Heyrov- 
ky (125), polarization of the chloride ion facilitates 
electro transfer. 


The deposition process may continue by discharge 
of the dissociated complex (71). More likely, the dis- 
aeiated intermediate may be first adsorbed on the 
eathode surface by interaction of unsatisfied bond 
fynctions on the metal surface with orbitals of the 
ion vacated in dissociation. Then, with acquisition 
of the requisite number of electrons from the cathode, 
‘he metal ion assumes the metallic state structure 
and releases remaining coordinated groups (126). 
Effects of addition agents can then be explained by 
their influence on adsorption. These points will be 
elaborated in a later paper. 


SUMMARY 


In the foregoing, major characteristics of electrode 
systems in electrodeposition are explained on struc- 
tural considerations. Inasmuch as deposition charac- 
teristics at solid and mercury cathodes are generally 
parallel, activation needed to build up crystal lattices 
of deposited metals (127) appears to be of relatively 
small magnitude. The sharp decrease in activation 
overpotential as temperature of the solution is raised 
suggests that the rate-controlling step is chemical, 
rather than electrolytic in character. Dissociation of 
the metal complex therefore appears to be decisive. 

Hydrogen overvoltage (128) exerts a secondary 
fluence, but it is striking that inert metals are also 
those with low hydrogen overvoltage. From their 
densities, tensile strengths, interatomic distances, 
melting points, ete., it is seen that inert metals form 
very strong bonds in both the metallic and ionic 
states hydrogen atoms should be 
strongly adsorbed, and equilibrium in the reaction: 
M+ H* (aq) + e~ = M-H, should lie well to the 
night, corresponding to low overvoltage. On the other 
hand, with the weaker bonds of normal metals, 


Accordingly 


equilibrium lies to the left. This is in accord with con- 
clusions of Bockris and Potter (129) that the rate 
determining reaction on platinum is the combination 
ol atomie hydrogen. For silver and mercury, the 
relatively weak bonds to not interfere with this 
combination, and the discharge reaction becomes 
controlling. However, results with nickel are not in 
accord with this explanation. 

Furthermore, the strength of bonds formed by 
inert metals in both states suggests that the potential 


barrier to be surmounted in passing from one state to 
another is high, whereas it is low for normal metals. 
Chis is in agreement with the magnitudes of activa- 
tion ¢ 


erpotentials, and explains the rough symmetry 
i anodic and cathodic overpotentials (2). 
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Finally, standard electrode potentials for various 


com 


coor 


plex ions afford estimates of relative energies of 
dination through the expression for 2. Although 


experimentally this can be realized only for normal 
metals, and should be modified by entropy changes, 
it provides a comparison of strengths of coordinate 
bonds. 
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ABSTRACT 


It is proposed that electrodeposition proceeds through an intermediate complex 
ion adsorbed on the cathode by a coordinated bridge. Subsequently, the bridge is 
eliminated and a metallic bond established. By applying Pauling’s theory of the metallic 
state, reversible deposition of post-transition metals and irreversible deposition of 
transition metals are explained. A close correlation with electron-transfer reactions 


is shown. Inclusions in deposits represent residual coordinated groups, in agreement 


with results of recent studies. 


INTRODUCTION 


Recently, reasons were given for regarding elec- 
trodeposition as closely related to the possibility of 
dissociation of a coordinated group from the metal 
ion (1). The resulting ion, which may be regarded 
as an activated intermediate, accordingly has a co- 
ordination number which is one less than usual. This 
ion may, of course, reunite with another coordination 
group and return to its original state. At the electrode 
surface, however, coordination unsaturation may be 
satisfied by forming a covalent bond with an electron 
pair of one of the surface atoms of the metal. Whether 
this surface compound will then be reduced to the 
metallic state will depend on availability of neces- 
sary electrons in the cathode metal. 


DEPOSITION OF NORMAL METALS 


Consider reduction of the normal* metal ion 
[Zn(H,.O),|**. Its outer electronic structure may be 
represented by: 


ise? thse 2 <2 2 


Accordingly, the structure of the activated interme- 
diate is: 


3d ts 4p 





Pauling (3) considers the predominant electronic 
structure contributing to the resonance hybrid rep- 


' Manuscript received August 20, 1952. This paper was 
prepared for delivery before the Montreal Meeting, October 
26 to 30, 1952. 

* Present address: Principia College, Elsah, Llinois. 

> The word ‘‘normal”’ is used in the sense that electrode 
reactions are substantially reversible, after Piontelli (2). 
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resenting metallic zine to be: 


3d ts 4p 


where single dots represent single bonding electrons 
and ‘‘o”’ indicates the so-called metallic orbital. 
empty except for resonating electrons. Pauling re- 
gards the metallic orbital as giving rise to specia 
resonance which explains characteristic metalli 
properties. In the metal lattice, where bonding ele 
trons are paired with electrons from neighboring 
atoms, the structure may be written: 


PCE ee se 


This structure is substantially identical with that 
of the activated intermediate, |Zn(H,O),}**. In this 
ion, three electron pairs, 4s4p*, are shared with co 
ordinated water molecules. However, in ZnB, fou 
electron pairs, 3d4s4p*, are shared with adjacent 
zinc atoms. 





Dissociation of the complex ion by loss of a coor 
dinated group therefore amounts to opening of the 
metallic orbital. Loss of another coordinated group 
would result in two open metallic orbitals, and the 
ion would correspond to Pauling’s ZnC configura- 
tion. 

It is now proposed that opening the metallic 0! 
bital permits the intermediate complex ion to partic! 
pate in metallic resonance of the cathode lattice, *° 
that a bond which is at least partially metallic 


character is established, and the ion is bound to the 


cathode surface. Remaining pairs of bonding elec 
trons then have the alternatives of continuing in co 
ordination hybridization with the remaining coord! 


nated water molecules, or of participating in metallic 


resonance with neighboring metal atoms. Hybridiz 


| ol. I 


on © 
repres 
jorma 
gpecla 
jerred 
able t 
To 
conve 
al the 
will r 
rhe 
electt 
yatel 
ame 
ona 


th 











vv 
Vol. 10] ‘0. 4 


yy of (ower orbitals than the preferred number 
represents a state of less stability than that of the 
jomal complex ion, but metallic resonance confers 
aocial stability. Consequently the latter will be pre- 
aa if the necessary number of electrons is avail- 
ible to fill appropriate orbitals. 

ry ascertain the number of electrons required for 
nversion to the metallic state, it is noted that loss 
yi the three remaining coordinated water molecules 
vill remove all six electrons in the 4s and 4p orbitals. 
rhe ZnB structure calls for four single bonding 
electrons in the 3d4s4p* orbitals. After loss of the 
cater molecules, only two electrons are available, 
amely, those in the last 3d orbital. Thus, two addi- 
‘onal electrons are needed, and if they are available 

the lattice structure of the cathode, in excess of 
‘he normal quota, they will migrate to the ion, 
ompleting conversion to the metal atom. 

his explanation implies that actual transfer of 
ectrons to the ion undergoing discharge will not be 
much more difficult than transfer of electrons in 
metallic conduction. The processes are essentially 
similar, if not identical. This inference is in agreement 
ith the observation that electron transfer in reduc- 
tion of such ions as ferricyanide requires negligible 
tivation (4). 

The mechanism described accords more closely 

th the hypothesis that processes of discharge and 
leposition are simultaneous (5, 6) than with the view 
that deposition follows discharge (7). It requires 

teraction between ion and metal lattice as a pre- 
requisite to neutralization of the ionic charge. 
*+ and ZnB are 
' nearly identical, it is to be expected from pre- 





Since configurations of [Zn(H.O),; 


ous considerations (1) that the zine electrode will 
» reversiblet both anodically and cathodically. This, 
of course, is In agreement with facts. 

lonic and metallic structures of copper(I), sil- 


\ number of oscillographic studies (8) have shown that 
iny electrode reactions ordinarily considered reversible 
re in fact irreversible. Few if any reactions are strictly 
eversible, just as no machines are totally frictionless. In 
‘he absence of a quantitative measure of irreversibility, the 
ollowing criteria have been adopted for the present pur 
ses 

\ reaction is considered to be reversible if the activation 
1 ordinary eleetrodeposition (2) amounts to no more than 
lew hundredths volt overpotential; or if a polarogram 

made under usual conditions with customary apparatus 
‘) gives, in plotting EF vs. log i/(ig— 7), a straight line with 
‘slope within five per cent of the theoretical value (10). In 
‘his, £ represents impressed voltage, i the current, and i, 
he diffusion current. 


Normally, reversible eleetrodeposition processes take 
Mace at theoretical current efficiencies, but this is not 
ways a reliable eriterion. Nickel, for example, is often 
leposited at theoretical efficiencies within experimental 
error hough it is well known to be reduced irreversibly in 
1 Cas 11). 
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ver(1), gold(1), cadmium, mercury(II), gallium, 
indium, and thallium(III) are essentially similar (3) 
to those of zine. Ions are reduced reversibly, and 
presumably by similar mechanisms, except when 
they are bound in hydrolysis products (4). 


BonpbING oF Metat Ion to CatTHopE SURFACE 


In the preceding section, it was tacitly assumed 
that electron pairs are available at the cathode 
surface for bonding with the intermediate ion, 
[(Zn(H.O),;|}**. The metal surface is probably hy- 
drated, for, in terms of the mechanism just sug- 
gested, surface atoms on deposition do not find 
enough adjacent metal atoms to convert all of their 
bonding electrons to shared electron pair bonds. 
Consequently, a certain number will remain in coor- 
dination hybridization with water molecules. 

Therefore, it is probable that electron pairs avail- 
able for bonding at the cathode surface are largely 
those of coordinated water molecules. It may be 
imagined that binding of the 3-coordinate metal 
ion occurs first through a water bridge: 

H H H HH H 


. 


. ee H (eee 
H = Zn “mM 


+ H:0:M——> H Zn 


where M—represents the metal atoms (in this case, 
zinc) in the cathode lattice structure. The activa- 
tion and adsorption process is equivalent to replace- 
ment of a water molecule originally located within 
the coordination sphere of the undissociated ion by 
a water molecule which is coordinated to the metal 
surface; or, what is essentially the same thing, ad- 
sorption on the surface of a coordinated water mole- 
cule of the undissociated ion. 

Next occurs replacement of the water bridge by a 
metallic resonating bond between the ion and metal 
atom, with simultaneous or subsequent neutraliza- 
tion of the ionic charge: 


H HH H H 


0 oO H:O:H 
. sk) | eee + 
out eS :O:H 
a's hh H 


The process is facilitated by the geometry of the 
bridging water molecule which, by virtue of the 
angularity of its bonds, brings ion and metal atom 
fairly close together. The change is facilitated also 
by relatively great extension of 4p orbitals of the ion 
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and metal atom, so that interaction may occur more 
readily. Establishment of the metallic bond draws 
the ion still closer to the metal lattice and the bridg- 
ing water molecule is expelled. It is possible that 
electrostatic attraction assists in this process. 

Although this mechanism is purely hypothetical, 
it provides a plausible picture of the deposition 
process, which is needed to explain correlations be- 
tween electronic structure and electrode behavior. 
Furthermore, it affords a starting point for develop- 
ment of the important theory of effect of surface 
films on electrodeposition (12). Obviously the pic- 
ture is somewhat oversimplified, for it neglects effects 
of steric factors and of ionic double layers. 

According to the proposed mechanism, small acti- 
vation energies observed in electrodeposition of 
normal metals must consist in large part of activation 
required to convert coordination hybridization to 
metallic resonance. 

The circumstance that a certain number of water 
molecules may remain coordinated to the metal 
after conversion does not affect these considerations. 
Partially hydrated atoms represent an intermediate 
stage in conversion, persisting because of the phase 
discontinuity at the surface. The electrode reaction 
is based on complete conversion to metal which is 
undergone by a large majority of the ions. Hence, 
conclusions drawn from structural similarity between 
the two states remain valid. 

The role of the activated intermediate, 
(Zn(H.O),]**, is evidently in formation of the bridge- 
complex as a surface intermediate. Furthermore, the 
lability which facilitates bridge formation also facili- 
tates expulsion of the bridge and simultaneous for- 
mation of the metallic resonating bond. Conse- 
quently, a parallelism is to be expected between 
readiness to undergo reactions through the activated 
intermediate and ease of the electrode reaction. For 
the sake of simplicity, electrode reactions are dis- 
cussed in terms of the activated intermediate 
produced by dissociation of a coordinated group, 
although it must be understood that corresponding 
bridge-complexes are equally important in the pro- 
posed mechanism. 

When metal ions are coordinated with groups 
other than water, it is supposed that one of these 
groups may serve as a bridge. This will be true of 


ammines, cyanides, halides, etc. 


DEPOSITION OF TRANSITION METALS 


With transition metals, which are inert according 
to Piontelli’s classification (2, 4), the mechanism is 
somewhat different. First, coordination numbers are 
frequently six, especially for aquated ions. However, 
t-coordination is also stable. In general, there is no 





ly 195; 
definite indication as to the exact cor inatic 
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number in solution (13). 
Solutions of ammino complexes having « figy). 
a- 


tions designated by Taube (14) as “outer  rbitg): 
are known to contain ions of several co 
numbers in mobile equilibrium (15). It is r 


Natio 


SONable 


to assume that the situation is similar wih aus 
complexes. It will be assumed that deposiiion pr 
ceeds from tetraquo ion, which is formed as rapid) 


as may be needed from the other species in solytio, 

The activated intermediate is, therefore. the 
triaquo ion. For nickel and cobalt, corresponding 
structures are: 


3d As Ap 


[Ni(H,O),]+*+ :::.. 
NiB ta ce. of 0 
[Co(HsO)3]** 2:3... 
CoB eal28 07h 


The NiB and CoB structures are those given }y 
Pauling (3) as contributing 65 and 70%, respectivel, 
to resonance hybrids representing metallic states 
As before, single bonding electrons indicated by Pau 
ing are shown as electron pairs to represent the states 
after metallic bonds are formed with adjacent atoms 

In 4s and 4p levels, configurations of ionic and 
metallic states are closely similar, just as in the cas 
of zine and other normal metals. However, for nick: 
and cobalt, configurations of the two states differ }) 
two electrons in the 3d orbitals. Hence, transitioy 
from ionic to metallic state involves a substantia 
change in electronic configuration, and, therefore, 
according to the principle set forth previously (| 
reduction must be irreversible. This prediction is i 
full accordance with the well-known irreversibility 
of nickel and cobalt electrodes. 

The five 3d orbitals are, of course, equivalent, so 
that location of single electrons within the group is 
immaterial; only their number is significant. 

Reduction may, of course, also occur from 6-coo! 
dinate ions, as well as from other complexes. Ke 
moval of electron pairs which form the fifth and 
sixth coordinate bonds, and are presumably located 
in 4p and 5s orbitals, represents an additional chang 
in configuration. However, in view of mobile equ 
libria between outer orbital complex ions of differen! 
coordination numbers, this factor probably contri) 
utes little to activation and irreversibility of elec 
trode reactions. 

The mechanism proposed, therefore, starts with 
formation of a bridge complex at the electrode surtace 
and subsequent elimination of the bridge, as with 
zinc ions. However, when metallic resonance with 
cathode atoms is established, electrons resonating !!! 


the 4p orbital may drop to vacancies in more stab 
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34 orbiti.s. As soon as two electrons have entered 
the 3d bital, the resulting configuration is sub- 
yantially identical with that of the metallic state. 
subsequently, the state of remaining bonding elec- 
‘on pairs Will be transformed from coordination 
hybridization to more stable metallic resonance, just 
x it was in the ease of zinc. Electrons needed to 
oytralize the ionie charge are, of course, already 
present 

It may seem surprising that transfer of two elec- 
‘rons from the 4p to 3d level requires an appreciable 
yctivation, since stability is increased. However, the 
entering electrons were not originally in the 4p or- 
pital, but rather in a resonance state somewhat more 
stable than this orbital. Apparently activation serves 
to lift resonating electrons to the 4p state momen- 
tarily, before transition to the 3d orbital can occur. 
Thus, activation represents energy needed to com- 
pensate for resonance stabilization. 

This type of activation is not needed for zine, 
because electrons continue to resonate in 4p orbitals 
after the ion is transformed to the metallic state, just 
as before transition. That is, there is no transfer from 
the V shell to the M shell, such as occurs with nickel. 

These considerations can, of course, readily be ap- 
plied to anodic processes. They can also be extended 
to other metals, such as iron and manganese, and to 
ther coordinating groups, such as ammonia, chlo- 

de, or cyanide ions, as long as the complex ions do 

ot have configurations designated “inner orbital”’ 

by Taube (14). 

Platinum metals may have different electrode 
mechanisms, for they are deposited from inner orbital 
complexes. Until resonance structures contributing to 
the metallic state are suggested, it is difficult to 
propose a mechanism. Breaking of inner orbital hy- 
bridization will certainly require considerable activa- 
tion. Further activation may be needed if there are 
other substantial differences in configuration between 
the two states. The highly irreversible character of 
electrode processes is therefore to be expected. 


INCLUSIONS IN DEPOSITS 


It has long been known that electrodeposits con- 
‘ain small amounts of oxygen and hydrogen.. Fre- 
(uently there are also present other substances which 
orginate from anions or “‘nondepositing”’’ cations. 
lhe presence of such impurities has often been as- 


cribed to mechanical inclusion of adsorbed material. 
lt is more likely that they represent coordinated 
groups remaining in the deposit because electron 


systems of a few ions were not fully converted from 


COOr* 


ition hybridization to metallic resonating 
hone 
s incomplete conversion may occur at discon- 


"nu es in the cathode microstructure. Again, co- 
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ordinated groups may not always be released if local 
rate of deposition becomes so high that the available 
time is too short for conversion of bond type and 
subsequent diffusion of released groups out from the 
cathode surface. 

For every solution there is a limiting current den- 
sity above which deposits become spongy (16) and 
contain relatively high amounts of hydrogen and 
oxygen. Unfortunately, no systematic study of the 
nature and composition of these inclusions has been 
reported. 

It is well established that electrodeposits from 
chloride baths contain chlorides. It has also been 
claimed that sulfur is found in deposits from sulfate 
baths (17), but more recent studies failed to confirm 
this statement (18). Since chloride ion has a stronger 
tendency to coordinate than the sulfate, this differ- 
ence is to be expected. In sulfate baths, the predomi- 
nating complexes are aquated ions, and therefore 
it would be expected that water would be included 
in the deposits. In chloride baths, mixed complexes 
are probably present, and both water and chlorides 
would likely be included. 

For many years it has been assumed that oxygen 
in nickel deposits represents basic material precipi- 
tated in the cathode film, where pH was presumed to 
be high. The precipitate was considered to be ad- 
sorbed or mechanically included in the electro- 
deposit (19). However, observations of the cathode 
film by various methods (20) fail to show the high 
pH values which would be required by this theory, 
although presence of a very thin film of the required 
pH is not excluded. 

tecent studies (18, 21) show that the average 
weight ratio of oxygen to hydrogen in a large number 
of nickel and chromium deposits is 8.0 + 2.6. This 
indicates that inclusions are water, not basic mate- 
rial, as predicted by the theory set forth above. 
Much more water is included in chromium than in 
nickel deposits, in accordance with comparative 
oxygen coordinating abilities of the two metals. 
Water is coordinated so firmly that it is not driven 
off or decomposed except at relatively high tempera- 
tures (18). 

If inclusions originate from basic precipitates, de- 
posits made at low current efficiencies will contain 
greater amounts of oxygen because the pH of cathode 
film will be higher. Data (18) indicate that there is 
no trend of this sort, although the study was not 
sufficiently extensive to be regarded as conclusive. 
Furthermore, observations of the cathode film by the 
drainage method (22) do not show the expected de- 
pendency of pH upon current efficiency. Evidence 
therefore indicates that inclusions are not primarily 
dependent upon cathode efficiency, as is required by 
the basic precipitate theory. However, residual coor- 











| 
| 
| 





dination does not depend on either current efficiency 
or pH of the cathode film. 

Nevertheless, it is possible to suggest a mechanism 
leading to conversion of coordinated water to basic 
substances which does not require an unusually high 
pH at the cathode. Upon transfer of two electrons to 
3d orbitals of the nickel ion, a new intermediate, 
[Ni(H.O);|°, is produced, which has a transient 
existence on the cathode surface. This intermediate 
has an excessive number of electrons for stability. 
Ordinarily electrons are released along with water 
molecules during transition to metallic resonance. 
However, electrons might also be eliminated by 
release of hydrogen atoms from coordinated water. 
If two hydrogen atoms are expelled, the product 
would be NiO-2H.O, which might be included in the 
deposit as hydrous nickel oxide. The net effect 
would be reduction of hydrogen rather than nickel 
from the nickel complex. 

The average oxygen content observed in nickel 
deposits (18) indicates that this mechanism can 
account for only about 0.0005% of current flow, 
even if all the oxygen is present as NiO-2H.Q. Ob- 
served cathode efficiencies in nickel deposition fre- 
quently depart from the theoretical by more than 
0.1% and occasionally by as much as 1-5%. At 
least in these cases, most of the hydrogen evolved 
must come ultimately from water or hydrogen ion 
not coordinated with nickel ion. The composition of 
inclusions confirms this deduction, since basic mate- 
rial does not seem to be prominent. Evidently activa- 
tion required for metal deposition allows effective 
competition of the hydrogen discharge mechanism, 
at least in some instances.° 

It is possible that precipitation and inclusion of 
basic material may become important when the bath 
pH is quite high, about 5.5 in the case of nickel sul- 
fate. Available data (18) do not permit conclusions 
on this point. But at lower pH, inclusions from 
nickel sulfate baths appear to consist largely, if not 
entirely, of coordinated water incorporated in de- 
posits. This observation lends support to the deposi- 
tion mechanism proposed above. 


COMPARISONS WITH ELECTRON TRANSFER STUDIES 


Electrode processes are but a special case of elec- 
tron transfer reactions, in which one reactant is a 
separate phase, that is, the solid or liquid electrode. 
Similarities between electrode reactions and electron 
transfer processes in general are therefore to be ex- 
pected. 

A summary of rates of electron transfer reactions 
thus far reported (23) shows that transfer is very slow 
whenever it necessitates a change from inner to outer 


* There is evidence that intermediates of the type de 
scribed here are vital in hydrogen overvoltage phenomena. 
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orbital configuration, or vice versa. Whe; 


NO shift 

in configuration occurs, reaction is gene) y 7: 

plete in less than about two minutes. Th - jx suffi. 

ciently close to the arbitrary limit of on. minys, 

selected by Taube (14) for indicating labilit \ jy sub. 
stitution reactions of metal complex ions. 

For example, cobalt(III) complexes are nyo, 


orbital; consequently, electron transfer from outer 
orbital cobalt(II) ammines is very slow (24), Hoy. 
ever, with tetraphenylporphino complex, which j, 
very probably inner orbital in both valence states 
exchange is very rapid (25). The correlation is gov 
in a number of other instances. 

From considerations based on the Franck-Condo) 
principle (26), Libby (27) deduced a “symmetn 
principle,” which applies to electron transfer betwee, 
different valence states of the same ion in solutio) 
It appears to be equivalent to the principle tha 
electrolytic oxidation or reduction is reversible if yo 
substantial change in electronic configuration 
required (1). Libby predicted that the symmetn 
principle would be applicable at electrodes. 

In iron (28), europium (29), and thallium (36 
systems, it is found that electron transfer is mucl 
more rapid in the presence of chloride ions. Severs 
investigators (4) have reported that chloride ions 
decrease activation overpotentials and diminis! 
polarographic irreversibility in electrodeposition. |i 
Was previously suggested that the effect results from 
formation of mixed complexes such as {Ni((' 
(H,O),|*. Labilization of a water group by the 
trans effect, according to the present theory, facil 
tates formation of the activated intermediate 
[Ni(Cl) (H2O).}*, or more precisely, a bridge-complex 
in which the water bridge is labilized by the chloride 
ion. Concentration of the mixed complex will be 
proportional to the first power of chloride ion con- 
centration. This accounts for dependence of the rat 
of electron transfer reaction on this quantity. 

Libby considers the catalytic effect of chloride ion 
dependent on electrostatic forces as well as on spe- 
cific complexing properties of the ions in some 1! 
stances. However, it is difficult to see how such ele: 
trostatic effects can be important in the electric field 
at the cathode unless complexes are formed. Stil, 
structures described by Libby resemble, to som 
extent, bridge-complexes in which the chloride io 
functions as the bridge.*® 

* Note added in press: H. Taube and H. Myers |/. 4 
Chem. Soc., 76, 2103 (1954)| present strong evidence for tly 
role of an “activated bridge complex” involving chloride 0" 
sulfate bridges in electron transfer reactions. Structures 
proposed are strikingly similar to those here suggested ng 
electrode reactions. Lowering of activation energy "! 
Cl- ions probably results, at least in part, from the ‘orm 
tion of bridge complexes. Furthermore, the import: nee ° 


bridging atoms in the electron transfer in erystalline soliu» 
has been emphasized by C. Zener {Phys. Rev., 82, 403 (195! 
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ACTIVATION STEP 


Rates of exchange of cyanide ion with complex 
31) show that outer orbital cyano com- 
‘+hange rapidly, whereas inner orbital ions 
exchange hardly at all. This observation supports the 
dissociation mechanism advanced by Taube (14) to 
explain substitution reactions, and employed with 
modifications in the present paper to account 


evanides 


plexes CX 


some 
jor electrode reactions. In all three classes of reac- 
‘ions, thermodynamic dissociation constants are 
misleading as to rate of reaction. This circumstance 
sults from the difference that in rate studies, dis- 
aeiation refers to actual separation of a coordinated 
group, While familiar dissociation constants are con- 
erned With conversion to aquo complexes. This has 
heen explained previously (1). 

These observations, together with excellent corre- 
ation between substitution reactions and electron 
transfer processes, indicate that the activation 
process is not a result of the electric field at the 
cathode, nor of surface effects (8). It is therefore 
ascribed to thermal effects (ef. 32). This is in accord 
vith marked reduction in activation overpotential, 
and consequent increase in reversibility, with rise in 


temperature. 
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Depolarization Effects after Current Reversal at Sily oy 


Anodes and Cathodes' 


A. L. Ferauson ano D. R. Turner® 


University of Michigan, Ann Arbor, Michigan 


ABSTRACT 
Anode and cathode reactions at silver electrodes in hydrogen saturated 2N sulfuric 
acid following a current reversal were studied by recording potential-time curves 
Three anodic processes and three cathodic processes are indicated when the current 


is reversed from cathode to anode and anode to cathode, respectively. The final anode 
reaction is silver dissolution. Silver sulfate forms on the electrode at a critical silver 


ion concentration. 


INTRODUCTION 


Most of the work to date on electrochemical po- 
larization phenomena has sought in one way or an- 
other to determine the nature of anode and cathode 
reactions. Three types of experiments have been 
used: (a) measurement of single electrode potentials 
at various current densities; (b) polarization growth 
and decay curves, plotting electrode potential 
against time; and (c) depolarization effects at anodes 
and cathodes upon current reversal. The third 
method is probably the most effective for electrode 
reaction studies and is the one used in the work de- 
scribed here. 

The meaning of the term depolarization effect is 
illustrated in Fig. 1. The potential of an electrode 
that has been cathodically polarized is represented 
by the line a-b. At b the current is reversed. If the 
potential changes immediately to the final anodic 
process producing anodic polarization as along the 
line bed, then there is no depolarization effect. If, 
however, there exists some kind of potential arrest, 
or delay in reaching the final polarization potential 
as e-f in curve abefgd, then there is a depolarization 
effect. The material producing this depolarization 
may be the oxidation of some material cathodically 
produced previous to current reversal or the forma- 
tion of some anodic product prior to the final anodic 
process. The potentials at which depolarization 
effects occur are characteristic of the electrochemical 
reaction involved, while the coulombs of electricity 
consumed by the process is a measure of the amount 


' Manuscript received December 17, 1951. This paper was 
prepared for delivery before the Cleveland Meeting, April 
19 to 22, 1950. This paper is based on part of a thesis sub 
mitted by D. R. Turner in partial fulfillment of the require 
ments for the Ph.D. degree to the Graduate School of the 
University of Michigan 

? Present address: Bell Telephone Laboratories, Murray 
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of the material reacting at the electrode-solytiy 
interface. 

Many electrode processes have been studied 
recent years by means of depolarization effects 4 
anodes and cathodes. Butler and co-workers (|-2 
observed the depolarization effects of hydrogen an 
oxygen at bright platinum electrodes in hydroge 
saturated solutions. Ferguson and Towns (4) studied 
anodic and cathodic depolarization curves for plat 
nized platinum in hydrogen- and nitrogen-saturated 
acid solutions. 

In addition to platinum, Piontelli and Poli (5 
studied the cathodic depolarization processes 0) 
copper, lead, and cadmium by measuring the eathoc 
potential at various current densities after an anodi 
prepolarization in acid and alkaline solutions whic! 
were saturated with air, oxygen, nitrogen, or hydr 
gen. In every case, a single stage of depolarizatio 
was observed and attributed to dissolved oxygen 
‘ho solution. 

ilither and Pokorny (6) anodiecally polarized 
silver electrode at a small constant current in alkalin 
solutions, and observed two definite arrests prior | 
oxygen evolution. Silver was assumed to be oxidized 
quantitatively and reversibly, first to AgeO and the: 
to AgoOsr. The cathodic reduction of the same silve! 
oxides, formed anodically, was studied by Rollet (7 
The oxidized silver electrode, with a nonpolariziig 
auxiliary electrode, was made the source of curret! 
which was measured as a function of time. Thre 
level stretches of current were observed, the first wa 
attributed to the peroxide, AgsOQs, the second | 
Ag.O, and the last to the reduction to free silver 

The thickness of tarnish films on copper and silv' 
were determined by Campbell and Thomas (5) from 
quantitative measurements on the depolarizing ¢ 
fects of these films while the metals were cathode ! 
an appropriate electrolyte. 

Recently, Hickling and co-workers studied the 
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odie behavior of several metals: platinum (9), 
wold (10), nickel (11), silver (12), and copper (13). 
Employing the automatic electronic system devised 
vy Hickling (14), recurrent anode potential-time 
ives were obtained by means of a cathode-ray 
scillograph in acid, neutral, and alkaline solutions. 
Breaks in the curves, in many cases, were shown to 
correspond to potentials of certain metal oxide elec- 
trodes prepared and measured by the authors. 

In the present work, reactions at silver anodes and 
ithodes were studied in 2N sulfuric acid solutions. 
lhe experimental method employed was to record 
the change in the potential of a silver electrode with 
time following a current reversal. These potential- 
time curves are interpreted then in terms of specific 
node and cathode reactions. 


APPARATUS 


lhe electrolytic cell used is described elsewhere 
|5). All potentials were measured relative to a mer- 
iry-mercurous sulfate reference electrode. Its poten- 
tial against a normal hydrogen electrode at 25°C was 
+0.673 volt. Silver electrodes were prepared by 
electroplating about 0.001 in. (0.0025 em) of silver 
on copper disks 1.13 em in diameter. A cyanide sil- 

er plating solution of standard composition was 
ised. The back side was coated with an insulating 
vax’ leaving an exposed silver area of 1.00 em*. After 
plating, the electrodes were rinsed first in distilled 
vater and then in 2N sulfuric acid before being 
placed in the cell. 

Tank hydrogen was used after removing oxygen 
traces by bubbling through a concentrated chromous 
sulfate solution. The gas was then bubbled through 
“0 sodium hydroxide and finally through 2N sul- 
lure acid before entering the electrolytic cell. 

\ constant current power supply was used consist- 
ing of a 9-volt dry battery with a variable high 
resistulice in series. Switching the current was done 


automatically by a specially designed photocell cir- 


d Chromium Stop-off Compound 311. 
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Fic. 2. Block diagram of cathode ray recording ap- 
paratus. 


cuit which was synchronized to the film position of 
the recording drum-type camera. A block diagram 
of the recording and switching apparatus is shown 
in Fig 2. Calibration voltages and times were placed 
on each oscillograph record. All potential values 
referred to in this paper are on the hydrogen scale. 


EXPERIMENTAL 


The open-circuit potential of a silver electrode in 
a hydrogen saturated 2N sulfuric acid solution is 
+0.29 volt. When this electrode is made cathode at 
about 1.00 ma/em*, the electrode potential changes 
rapidly to that of hydrogen gas evolution. Silver ions 
enter the solution when the electrode is made anode. 
These may be removed by prolonged cathodic treat- 
ment (24 hr). The white silver surface becomes black 
with a finely divided, loosely adherent coating of 
silver. It was more convenient to use fresh solution 
frequently rather than electrolyze out the dissolved 
silver. A fresh solution was electrolyzed for about 2 


hr prior to use to remove traces of metal impurities. 


Anodic Depolarization Effects 


In all experiments the current density, usually 
1.00 ma/cm*, was unchanged before and after cur- 
rent reversal. When the current is reversed making 
the silver electrode anode, the potential-time curve 
passes through several potential arrests before reach- 
ing a relatively stable anode polarization potential 
(Fig. 3 from a to f). After a rapid initial potential 
change a—b, a linear stage of depolarization occurs 
between —0.19 and +0.28 volt. This is followed by 
an almost horizontal potential arrest c-d and then a 
transition section d-e. The final anodic process be- 
gins at e and continues to a maximum potential of 
+0.70 volt. The meaning of f is discussed later. The 
amount of anodic depolarization is a function of 
cathodic pretreatment time. A freshly plated silver 
electrode usually requires several hours of cathodic 
pretreatment, however, before an appreciable anodic 
depolarization effect can be obtained. Cathodically 
formed anode depolarizer is always destroyed after 
a few minutes of anodic treatment. 
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Cathodic Depolarization Effects 


The typical cathodic depolarization curve ob- 
tained following an anodic pretreatment is shown in 
Fig. 3 from g to /. Note that there are two arrest 
stages of depolarization, g-h and j-k. If the current 
is reversed before the anode potential reaches +0.65 
volt, then only one cathodic depolarization stage 
results, j-k. This indicates that the stage g-h is the 
reduction of an anodic product which begins to form 
at +0.65 volt. While several hours of cathodic pre- 
treatment were required to generate an appreciable 
amount of anode depolarization, only a few seconds 
anode time before switching to cathode produced a 
large amount of cathodic depolarization. 

Freshly plated silver electrodes were made anode 
at a constant current of 1.00 ma/cm®? for various 
times up to 15 sec and then the current was reversed. 
The amount of cathodic depolarization resulting was 
measured on the oscillograph record from g to / (see 
Fig. 3). The relation between the coulombs used in 
the anodic pretreatment and coulombs of cathodic 
depolarization is given in Fig. 4. About two millicou- 
lombs of anodic pretreatment are required to produce 
one millicoulomb of cathodic depolarization. Al- 
though quantitative measurements were not made 
on depolarization obtained with anodic pretreat- 
ments longer than 15 sec, it was observed that 
cathodic depolarization reached a maximum after 
about 1 min of anodic pretreatment at 1.00 ma/cm*. 

Electropolishing the silver electrode appeared to 
have no effect on anodic or cathodic depolarization 
curves. Freshly plated silver electrodes were electro- 
polished in a water solution containing 100 g/l KCN 
and 50 g/l KOH by passing 2 amp of 60 cycle alter- 
nating current for a few seconds between the plated 
electrode and a coiled silver wire. 

A fruitful type of experiment in this method of 
studying electrode reactions is to dissect polarization 
curves into parts (a) by permitting the anode or 
cathode prepolarization to decay briefly before cur- 
rent reversal, and (b) by reversing the current at 
various stages of the depolarization stage. The first 
type of experiment indicates what part of the initial 
potential change is due to a gas overvoltage since 
these potentials are usually large in magnitude and 
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Fig. 3. Typical anodic and cathodic depolarization curves 
of a silver electrode in 2N sulfuric acid. 
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CATHODIC DEPOLARIZATION IN MILLICOULOMBS 
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ANODIC PRETREATMENT IN MILLICOULOMBS 


Fig. 4. Effect of anodic pretreatment on cathodic ¢ 
polarization. 


rapid in decay. The decay period also gives the ey 
perimenter some idea of the stability or solubility 
any electrochemically formed depolarizing materi, 
in the electrolyte used. By reversing the current «i 
various stages of the depolarization, it is possible to 
define clearly the individual electrode processes and 
determine the reversibility of each electrochemica 
reaction. The results of these observations are 
cluded in the discussion which follows. 


Discussion oF RESULTS 

The anode and cathode potential-time curves o! 
silver electrodes in 2N sulfuric acid consist of severa 
depolarization stages. Each stage corresponds to « 
definite electrode reaction. A symbolic description o! 
these phases of depolarization is given in Fig. 5 
Prior to a the silver electrode is cathode, the pote: 
tial being a function of current density. At 1.00 
ma/em? it was —0.51 + 0.02 volt. The electrochemi 
cal reaction occurring is 


H++e=H 


The cathode potential did not change appreciab) 
during prolonged electrolysis. A part, at least, of th 
cathode polarization is due to an equilibrium concen 
tration between atomic hydrogen and hydrogen ious 
at the metal-solution interface. 

At a the direction of current through the cell wa 
reversed and the potential changed suddenly to | 
This is the rapid portion of the cathode polarizatio 
decay which would occur regardless of whether thi 
current was reversed or the cathode polarizatio! 
simply allowed to decay on open circuit. From } to 
c the potential changes in a linear manner wit! tim! 
This stage of depolarization is attributed to the 
reionization of the surface absorbed hydrogen. !' 
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be compared to the initial anodie depolarization 
tage obtained with platinized platinum (4). 

Beginning at ¢, the electrode passes through a 
gion Where its potential remains essentially con- 
sal 4 similar arrest is observed when bright plati- 
jum electrodes are used (1-3, 16) and at approxi- 
mately the same potential, +0.28 volt. Butler and 
\rmstrong (16) explained the effect as due to the 
onization of absorbed hydrogen. The actual form of 
hydrogen in the metal was not considered by them. 
since the potential remains essentially constant in 
‘his region at both platinum and silver electrodes, it 
wems probable that this stage of depolarization is 
due to oxidation of a definite compound, in this case 
, hydride (17). With both metals, this stage of anodic 
depolarization increased with longer cathodic pre- 
polarizations. The cathode efficiency for hydride 
formation appears to be very low, about 0.01% for 
silver. This suggests that atomic hydrogen diffuses 
into platinum and silver only very slowly. The stable 
potential of a silver electrode in a hydrogen satu- 
rated 2N sulfuric acid solution without any current 
fow was +0.29 volt. This may represent the steady 
condition for molecular, atomic, and ionic hydrogen 
at the metal-solution interface. 

The amount of hydrogen available for ionization 
begins to decrease at d in Fig. 3 and the potential 
changes to the start of silver dissolution which begins 
at e, about +0.4 volt. 


Ag = Agt +e 


lhe potential continues to change toward more posi- 
tive values as the silver ion concentration increases. 
Finally at f, +0.65 volt, the concentration of both 
silver and sulfate ions exceeds the solubility product 
for the precipitation of silver sulfate. 


2Ag* + SO, = AgeSOF (solution) = Age SO, (solid) 


and the potential again assumes a relatively stable 
value due to the AgsSO, on the surface maintaining 
a constant concentration of Ag* ions. The dark, 
finely divided silver deposit which can be produced 
by plating out dissolved silver turns white soon after 
the electrode is made anode. This is consistent with 
the assumption that the compound formed is silver 
sulfate, since AgeSO, is white. 

Experimental results indicated that no silver sul- 
late is produced on a silver anode in 2N sulfuric 
cid if the electrode potential does not become more 
positive than about +0.65 volt. Latimer (18) gives 
an £° value of +0.653 volt for the formation of silver 
sulfate which is precisely the value observed for the 
start of silver sulfate formation. 

The maximum anode potential reached under all 
‘ircuinstances at 1.00 ma/cm* was +0.70 volt. This 
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increase above +0.65 volt probably resulted from 
an excess concentration of silver ions collecting at 
the electrode-solution interface. In a few experi- 
ments at 1.00 ma/cm?, the anode potential did not 
become more positive than about +0.55 volt after 
about 10 see anode time. This is believed to be due 
to an unusual condition where atomic hydrogen was 
able to diffuse continuously from the metal interior 
to maintain the electrolysis current at the metal- 
solution interface, thus preventing a sufficient con- 
centration of silver ions from building up to the point 
of precipitation of silver sulfate. 

When the electrode polarity was reversed from 
anode to cathode, the material first formed anodi- 
cally was reduced. The initial rapid potential rise to 
g is due to the decay of a concentration polarization 
produced by the slight excess of silver ions that had 
accumulated at the electrode surface just prior to the 
reversal. The cathodic depolarization stage from g to 
h resuited from the discharge of silver ions formed 
from the dissolved Ag.SO, precipitate. The slope in 
the curve is attributed to silver ions being removed 
from the metal-solution interface faster than they 
are formed. 


AgSO, (solid) = AgeSO, (solution) = 2Ag+ + SOF 
2Agt + 2e- = 2Ag 

As all the silver sulfate is dissolved and the silver 

ions are discharged, the cathode potential changes 
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Fia. 5. Suggested reactions and conditions at the metal- 
solution interface at various places in the anodic and 
cathodic depolarization curves. 
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from h to where the next cathodic process begins at 


J. The stage of depolarization from j to k is inter- 


preted as the discharge of hydrogen ions and subse- 
quent absorption of the atomic hydrogen into the 
silver lattice, perhaps forming a silver hydride. The 
physical condition of the surface apparently deter- 
mines how much atomic hydrogen is absorbed and 
thus, the length of the second cathodic depolarization 
stage. The length of both cathode depolarization 
stages is a function of the anodic pretreatment. 
Between k and / there is a transition from the hydro- 
gen absorption stage to the formation and evolution 
of molecular hydrogen which begins at /. The poten- 
tial at / corresponds to that at a and is a function of 
the current density used; at 1.00 ma/cm? it is —0.51 
volt. 

An interesting relation was observed between the 
coulombs used in anodically pretreating a silver 
electrode and the coulombs of cathodic depolariza- 
tion which followed. This is shown in Fig. 4. Within 
the range studied, from 0 to 15 millicoulombs anode 
pretreatment, the total amount of cathodic de- 
polarization observed was approximately one-half 
the coulombs used for the anodic pretreatment. This 
cannot be considered significant since some of the 
anodically formed silver sulfate is lost through the 
dissolving action of the 2N sulfuric acid before com- 
plete cathodic reduction of the silver ions can take 
place. In distilled water, silver sulfate is cathodically 
reduced to silver and sulfuric acid at 100% effi- 
ciency (19). While silver sulfate is essentially insolu- 
ble during the course of an experiment in distilled 
water, it is readily dissolved in 2N sulfuric acid. 
Results of anode polarization decay experiments 
show that a 10-sec anodic deposit of silver sulfate is 
wholly dissolved in about 5 see decay time. The po- 
tential changes in the decay curves during the dis- 
solving period of the silver sulfate correspond 
exactly to those occurring when the electrode is 
cathodic. This means that the potential of the elec- 
trode in the region g-h is controlled by the silver ion 
concentration at the metal-solution interface regard- 
less of whether the silver ions are removed by 
cathodic electrodeposition or by diffusion and con- 
vection away from the surface. As expected, stirring 
shortened the cathodic depolarization stage g—h. 


in 2N sulfuric acid when the current is rev: 


Three anodic processes occur at silver 
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SUMMARY AND CONCLUSIONS 


ectrodes 


ed from 


cathode to anode: (a) ionization of adsorbed hydyy 


gen atoms; (b) oxidation of absorbed hydro; 


n (silver 


hydride); and (c) dissolution of silver. When thy 


silver ion concentration exceeds a critir 


Value. 


silver sulfate is formed on the electrode. This film oj 
silver sulfate is readily dissolved in the 2\ sulfyy 
acid electrolyte. 


Upon current reversal from anode to cathode 


three cathode reactions take place: (a) reduction of 
the silver sulfate film; (b) discharge of hydrogen joy. 


into absorption and adsorption positions in the silye 


electrode; and (c) discharge of hydrogen ions and 
formation of molecular hydrogen. 


Any discussion of this paper will appear in a Discussio; 


Section to be published in the June 1955 issue of th 
Jor RNAL. 


to 
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Continuous and Uniform Generation of Stibine 


An Electrolytic Apparatus and Method! 


ARNOLD ReisMANn*?, Metvin Berkensuit’, E. C. HAAs, AND ALLISON GAINES, JR. 


Material Laboratory, New York Naval Shipyard, Brooklyn, New York 


During the course of an investigation it was neces- 
ary to subject an instrument to an atmosphere con- 
ining a mixture of 34% hydrogen and ‘¢o this 
mount of stibine. This volume ratio had to be main- 
‘ined for 24 hr. Stibine is not available commer- 

ally because it is unstable; consequently, a method 
vas sought which would supply the gas in the de- 
red concentration throughout the test period. A 
survey of literature indicated that 
reported methods would meet this requirement. 


available no 

Electrolytic methods for generation of stibine 
sing antimony electrodes have been previously 
reported (1, 2). These methods proved unsuitable 
because the production of stibine was either too low 
r too irregular. It was found that if the antimony 
electrode were replaced by a 40. gauge, platinum- 
ridium electrode (90:10) in conjunction with an 
intimony solution, stibine output at the cathode was 
fairly uniform and of the desired order of magnitude. 

\pparatus.—-The generator unit consists of a 250 
ml wide-mouth Erlenmeyer flask into which is in- 
verted an arrangement for preventing intermixing of 
gases liberated at the cathode with oxygen liberated 
it the anode. The cathode consists of a 5 mm diame- 
ter glass tube with 40 gauge platinum-iridium wire 
fused into one end. The anode is a 16 gauge platinum 
vire. A variable d-c source supplied power. 

The assembly used in calibrating the generator 
vas made up of a series of three traps followed by a 
onventional wet test meter, thermal conductivity 
bridge for measurement of hydrogen, and a regulated 
acuum pump for drawing gases through the system. 
In order to permit uninterrupted running, two of 


these trap series were connected in parallel. At given 


time intervals the series through which the gas had 
beeh passing was removed for analysis, and the 
second series was brought into the circuit by means 
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of a three-way stopcock. The first two units of each 
trap series contained 200 ml 0.01N iodine and 32 ml 
concentrated hydrochloric acid. The third unit of 
the series contained 300 ml! 0.01N sodium thiosulfate 
to prevent loss of iodine by mechanical carry over. 
(A) (4N in H.SO,)*—Dis- 
solve 8 grams purified Sb metal in 100 ml boiling 
H.SO,, cool slightly (a white gel forms), pour with 
vigorous stirring into 700 ml water containing 80 
grams tartaric acid, dilute to 900 ml with water. 

(B) (1N in H.SO,)—Dissolve 5.3 grams SbeO, in 
100 ml of solution containing 75 grams tartaric acid 
and 14 ml H.SO,, dilute to 500 ml with water. 

(C) (0O.5N in HSO,) 
in 600 ml of a solution containing 77 grams tartaric 
and 10 ml H.SO,, dilute to 700 ml with water. 

(D) (No HSO,)—Dissolve 10.6 grams Sb.O; in 
900 ml of a solution containing 110 grams tartaric 
acid, dilute to 1 liter with water. 


Generating solutions. 


Dissolve 7.5 grams Sb.O; 


Analysis of stibine and hydrogen.—Stibine output 
at the cathode was determined using a modification 
of the iodimetric method of Haring and Compton 
(3). Periodically contents of the traps were mixed 
and back titrated with thiosulfate. The 
quantity of stibine was then calculated using the 
stoichiometry given in reference (3). To determine 
the validity of the method, stibine triiodide resulting 


sodium 


from the titration was converted to antimony tri- 
oxide. This was titrated with iodine to the pentava- 
lent state (4). Results obtained from both methods 
checked to within 0.01 mg. Table I shows quantities 
of stibine as determined by the above method. 

Effluent gases from the traps were drawn through 
a hydrogen measuring thermal conductivity bridge. 
Spot checks of this gas, using the conventional Orsat 
combustion method, were made periodically and 
agreed with the thermal conductivity bridge to 
within 0.1%. 


‘Sulfuric acid was used exclusively because of its low 
vapor pressure. Hydrochloric acid or other acids with rela- 
tively high vapor pressure would evolve sufficient vapors 
to damage the instrument under test and the thermal con- 
ductivity bridge. 
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CONCLUSIONS 
As time did not permit complete evaluation of 
varying conditions, a comprehensive discussion can- 
not be presented here. However, certain inferences 
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TABLE I—Continued 


Time 
elapsed 


(min) 


Electrode 
length 
(mm) 


Run | Generating 


No. | solution Amp 


0.75 60 





can be drawn from Table I. 


It was found that if any two of the three variables 
(acid normality, impressed amperage, and electrode 
third 
changed, an optimum value for the variable was 


length) were held constant while 


found to exist. Below or above this optimum value, 
either the hydrogen-to-stibine ratio was too great or 
evolution of stibine was not constant over an ex- 
tended period. It is apparent, therefore, that for a 
given set of conditions certain combinations of the 
variables must be employed. These conditions, in 
addition to being affected by already described varia- 
bles, will to a lesser extent be a function of the given 


stibine generator. Thus, variation in electrical com- 


TABLE I 
ng — —,. Amp dae fe we Hydrogen 
mm min 

l I 13 1.0 60 0.24 4.4 
90 0.24 $.4 
120 0.28 $.4 
150 0.28 +.4 
180 0.27 +.4 
210 0.26 1.4 
270 0.27 $.4 
330 0.25 +.4 
390 0.26 4.4 
150 0.26 4.4 
510 0.27 +.4 
570 0).27 1.4 
630 0.25 1.4 

2 I 8 1.0 30 0.50 5.3 
60 0.47 5.3 
90 0.47 5.3 
120 0.48 5.3 
150 0.41 5.3 
180 0.38 5.3 
240 0.35 §.3 
300 0.34 5.3 
360 0.32 §.3 
420 0.23 5.3 


the 


was 


5 II] 10 0.7 


IV 10 0.3 


Flow was held at 0.16 l/min 


bo bo te bo 


— aS or 


Tuly 1954 





ponents of the d-c source would require compensa- 


tions and individual calibration for a given unit. The 
system gave the desired 60/1 ratio of hydrogen to 
stibine when the variables were held as shown in 


Table I, run 3 


Any discussion of the paper will appear in a Discussion 


Section, to be published in the June 1955 issue of the 


JOURNAL. 
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